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Quote
"There are these hard and irreducible things we call facts; 
you hear them, you smell them, you see them, you taste them and you 
feel them, directly or by instrumental extension. Without them you 
may think indefinitely and have nothing."
Alfred North Whitehead
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This thesis describes the design, construction and operation 
of a small pilot plant scale reforming unit using industrial reforming 
catalysts. Two reactors were used; a tubular packed bed reactor and 
a spinning basket gas/solid reactor.
The range of process conditions in the packed bed reactor 
was; temperature 300-550 °C, pressure 16-36 bar abs., overall space 
velocity 0.1-3 vol.liq./hr./vol.cat., hydrogen/hydrocarbon ratio 3-12.
The feed hydrocarbon was a C^-naphtha dosed with methylcyclopentane.
Axial concentration and temperature profiles were measured in the catalyst 
bed. In general, the concentration profiles showed rapid initial 
conversion of methylcyclopentane to benzene and the C^-paraffins. In 
many cases these profiles reached maxima in the bed before declining as 
cracking to light products became significant. Data uninfluenced by 
diffusional limitations was used to compare power function and Hougen- 
Watson type reaction models. For the methylcyclopentane/benzene reaction 
the following Hougen-Watson type model is proposed, based on desorption 
of cyclohexene from the acidic catalyst function as the rate controlling 
step :-
r ^ k (Pm c r /Ph  ̂ ”
The spinning basket reactor experiments (using a methylcyclopentane 
/hydrogen feed) were carried out in the operating ranges; temperature 
300-470 °C, pressure 18-37 bar abs., space velocity 0.1-1.2 vol.liq./hr./ 
vol.cat., hydrogen/hydrocarbon ratio 115-270. Catalyst studies included 
a bimetallic platinum/rhenium reforming catalyst which was shown to be 
more active at lower temperature and more selective with respect to benzene 
production. Kinetic models were studied based on the assumption that the 
spinning basket could be treated as a continuous stirred tank reactor.




THE GENERAL REFORMING PROCESS
1.1 History of Reforming Technology
The first catalytic reforming unit went into production in the 
United States in 1940. The catalysts used in this and in all of the 
other units constructed in the decennium 1940-50 were of the molybdena- 
alumina or chromia-alumina type.
Circa 1950 the first bifunctional reforming catalysts were 
developed. These catalysts consisted of a noble metal (usually platinum) 
deposited on a carrier such as alumina or silica-alumina. Within a 
short period of time this new type of catalyst was used exclusively in 
reforming units worldwide, since it provided a considerable improvement 
in selectivity of the important reforming reactions as well as an extended 
catalyst life.
For many years, after this initial breakthrough, there were no 
significant advances in reforming technology. Research was concentrated 
on characterizing the physical, chemical and catalytic properties of the 
platinum reforming catalysts. The application of techniques such as, 
infra-red spectroscopy and radioactive isotopes, has provided 
considerable knowledge of the properties of both the platinum and acidic 
components of the bifunctional catalyst. Studies have also been made 
of the important hydrocarbon reactions which occur during the reforming 
process. Many of these studies have been directed towards the development 
of kinetic models describing the possible mechanisms and rates of certain 
key reactions.
In the last ten years research into bimetallic bifunctional 
catalysts has resulted in the development of a new generation of 
reforming catalysts involving the deposition of platinum and rhenium 
on alumina. These catalysts give improved aromatics yield at lower 
pressures and are more stable.
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Other areas of research have studied zeolitic catalysts as a 
means of further improving reforming capabilities, but so far no 
significant advances have been made.
I.2 Hydrocarbon Reactions in Catalytic Reforming
Numerous reactions take place in a catalytic reforming unit and 
any study of the process or a particular aspect of the chemistry is 
always exacerbated by the complexity of overall reaction. The main 
types of reactions can be summarized as follows
(a) Hydrocrackingt- the splitting up of the hydrocarbon molecule 
can be even or uneven: e.g.
CH^CCH^)^^^ + H^-^CH^CH^ + C E ^ m 2>
n-Hexane (n-Hex) Ethane n-Butane (nC )
4
(b) Isomerization of paraffins: e.g.
CHg
CH2(CH2CH2CH2)CH^ ^  ^CH CĤ CĤ  
n-Pentane (nC^) CH^ iso-Pentane (iC^)
(c) Dehydroizomerization of cyclopentanes - a simplified scheme is 
shown: e.g.
+ 3H
Methylcyclopentane (MCP) Benzene (BZ)
(d) Dehydrogenation of cyclohexanes: e.g.
+ 3H
Cyclohexane (CH) Benzene (BZ)
+ 3H
- 3 -
(e) Dehydrocyclization of paraffins: e.g.
^ C H
CH3(CH3)^CH3^ CH^ + H,
CH^-------CHg
n-Hexane (n-Hex) Methylcyclopentane Benzene (BZ)
(MCP)
The following general rules apply when considering improvement 
of octane numbers and the desirability of certain reactions:-
(1) The octane number decreases with increasing number of carbon 
atoms in the hydrocarbon molecule.
(2) Branched hydrocarbons are superior to unbranched hydrocarbons 
with respect octane rating.
(3) Aromatics are superior to paraffins with regard to octane 
number.
We can, therefore, make a few general observations about the 
reaction schemes (a)-(e):-
(A) Hydrocracking contributes to octane enhancement (particularly 
the breakdown of large molecules) but it also represents a 
yield loss due to the formation of gaseous components (light 
hydrocarbons).
(B) Isomerization of normal paraffins benefits octane rating.
(C) Aromatics production increases octane number and is desirable 
not only for high octane petrol but also for the manufacturer 
who uses a catalytic reforming process as a source of aromatic 
raw materials.
1 21.3 Industrial Reforming Processes ’
1.3.1 Historical Development of Industrial Reforming Processes 
Different companies have developed various processes for 
catalytic reforming of naphthas, the one common feature since 1950 being 
the platinum based catalyst.
The first catalytic process was the ’Fixed-Bed Hydroforming 
Process’ developed jointly by the ’Standard Oil Development Company’, 
the ’Standard Oil Coup any of Indiana’, and the ’M.W. Kellogg Company’.
This entered commercial production in November 1940 and used a molybdena-
alumina catalyst.
A flow diagram of this type of unit is shown in Figure (1.1)*. 
There were four reactors each filled with catalyst, only two being on 
stream at one time, the other two usually undergoing catalyst 
regeneration.
(N.B. The furnace between the reactors compensates for the
temperature drop in each, reactor due to the
endothermie reforming reactions.)
Typical operating conditions were;-
Temperature 450-550°C
Reactor Pressure 150-300 p.s.i.g.
Recycle Gas 2000-4000 cu.ft./bbl of feed
Space Velocity 0.5 vol.liq./hr./vol. catalyst
Until 1949 all the reforming units constructed were ’Fixed-Bed 
Hydroforming Processes’. In 1949, however, the ’Universal Oil Products 
Company (UOP) introduced the ’Platforming Process’, this being the first 
catalytic reformer using a platinum based catalyst which was non- 
regenerative. Prior to this innovation there was less than 
80,000 B.P.S.D. (Barrels per stream day) of catalytic reforming capacity 
in the United States. However, in the period 1949-1956 thirteen new 
commercial reforming processes were developed as shown in Table (1.1)
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and by 1971 the reforming capacity of the United States had risen to an 
estimated 3,064,720 B.P.S.D.^.
The processes developed by the various companies fall roughly 
into three general categories *
(1) Continuous high-pressure reforming processes
(a) Processes equipped for intermittent regeneration.
(b) Non-regenerative.
(2) Cyclical regenerative, low-pressure reforming processes.
(3) Combination processes.
2Figure (1.2)^ is a sinple flowsheet of the ’Powerforming 
Process’ which is a cyclic regenerative process. It involves the use 
of four reactors in series plus a swing reactor, as well as a separate 
regeneration system. A typical flow diagram for a non-regenerative 
platinum reforming process is shown in Figure (1.3)*. Note in both 
cases the multiple reactors with intermediate reheating to compensate 
for the overall endothermicity of the reforming process.
Magnaforming was first introduced in 1967. Figure (1.4)^ is 
a flow diagram of the semi-regenerative process which was initially 
designed for established platinum catalysts but has been updated to 
include the bimetallic platinum-rhenium catalysts. The principal 
differences of the Magnaforming process are low temperature, low 
hydrogen recycle rates and minimized catalyst loading (high space 
velocity) in the lead reactors with higher temperature, higher recycle 
rate and lower space velocity in the terminal reactor.
The overall effect of this method of process operation is that 
the unwanted conversion of naphthenes to paraffins is minimized in the 
lead reactors since the low temperature and recycle rate favour the 
dehydrogenation rather than the hydrocracking reactions. The overall 
conversion of naphthenes in the lead reactor is reduced when compared 
to more conventional systems but the unconverted naphthenes are retained
- 6 -
for later dehydrogenation. This selective conversion of naphthene in 
the lead reactors means that in the terminal reactor the concentration 
of naphthene is such that the paraffin/naphthene equilibrium favours 
the dehydrocyclization reactions and hydrocracking is further minimized.
Rheniforming^ was first introduced by Chevron with the highly 
stable platinum-rhenium reforming catalysts. Initially these catalysts 
were used at low pressure in older reforming units, which were initially 
designed for the high pressure platforming process. Now a new 
generation of reforming units are being constructed, specially designed 
for the low-pressure process using the new type of catalyst. These 
units are taking full advantage of the improved reforming capabilities 
of the platinum-rhenium catalysts. A simplified process flow diagram 
of Chevron’s El Segundo Rheniformer is shown in Figure (1.5)^.
1.3.2 Operating Conditions of M o d e m  Industrial Reforming Units
The commercial catalysts used in most reforming processes have 
a platinum loading of between 0.1 and 1.0 weight %, the support material 
usually being a halogenated alumina in the form of cylindrical or
sphericoi pellets. Pellet sizes vary but are normally of the order
1 1 "
16 “ 8 •
Table (1.2)* outlines the effects of the various process 
parameters on the principle reactions which take place in a reforming 
unit.
The range of operating conditions vary considerably according 




Reactor Pressure 250-600 p.s.i.g.
Space Velocity 1.1-5.0 V/V cat./hr
Hydrogen/Naphtha Ratio 4/1-10/1
In many cases reactor pressure is a crucial operating parameter. 
The total reactor pressure is largely made up of the hydrogen partial 
pressure since the minimum accepted hydrogen-hydrocarbon ratio is about 
4/1. High hydrogen partial pressure tends to promote hydrocracking and 
inhibit aromatization, the reverse being true for low hydrogen partial 
pressure. However, anbther major consideration is that as the hydrogen 
partial pressure is decreased, the ’coking’ of the catalyst is increased. 
This factor brings into account the economics of the frequency of 
catalyst regeneration and/or replacement. This catalyst stability 
problem means that processes operated at high hydrogen partial pressure 
(low reforming yield) generally need no regeneration facilities and 
processes operated at low hydrogen partial pressure (high reforming 
yield) require the extra plant facilities to regenerate the catalyst.
The new bimetallic reforming catalysts are much more stable 
than the older monometallic catalysts and the coking problem is now 
much less important.
(N.B. Coking is caused by the formation of long range straight 
chain polymers which do not desorb from the catalyst 
surface and hence block the active sites available for 
reforming reactions.)
The advent of bimetallic catalysts has meant that the hydrogen partial 
pressure in the reforming process can be reduced, increasing the yield 
of aromatics without additional coking. This innovation has considerably 
reduced the need to provide for catalyst regeneration. Reforming 
reactions can now be carried out at 200-300 p.s.i.g. instead of the 
previously used 400—500 p.s.i.g. and the use of bimetallic catalysts
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has resulted in the following improvements in process operations^:-
(1) Increased throughput.
(2) Increased aromatic concentration.
(3) Increased reformate yield.
(4) Increased cycle time between regeneration.
(5) Increased total catalyst life.
At present the main disadvantage of bimetallic catalysts is 
that the cost of reclaiming the platinum and rhenium is considerably 
more than a monometallic.
1.4 Modelling of Catalytic Reforming Processes
Process development work has generally been concentrated on 
improving the operation of catalytic reformers to produce higher yields 
of high-octane gasolines and aromatics. These advances have generally 
been made through the use of pilot plant studies coupled with theoretical 
models for process simulation and optimization.
Smith^ developed a simple kinetic model based on the four 
principal reforming reactions:-
(a) Naphthenes Aromatics + 3 H 2 .
(b) Paraffins Naphthenes +
(c) Hydrocracking of naphthenes.
(d) Hydrocracking of paraffins.
The complex naphtha mixture was categorized into the three hydrocarbon 
classes - paraffins, naphthenes and aromatics - each being a single 
compound having the average properties of that class. He then obtained 
a satisfactory correlation by treating the heterogeneous system as though 
it were homogeneous. From this simplified analysis the author produced 
a model which can be used to estimate operating conditions, the number of 




Krane et al proposed a model describing the reaction kinetics 
for the reforming of whole naphthas which consisted of 20 hydrocarbon 
components defined according to their molecular weight. Using pseudo- 
first order rate equations, rate constants were evaluated which were a 
function of temperature, pressure, hydrogen rate and molecular weight 
of feed. In spite of the 53 reaction steps which make up the model, 
it does not consider the distribution of isomer hydrocarbons, nor does 
it differentiate between different naphthenes of the same molecular 
weight which react in quite different ways, e.g. methylcyclopentane and 
cyclohexane. '
9
Zhorov et al developed a general mathematical model using a
lumped five hydrocarbon feed which included the catalyst state as a
system parameter.
Burnett et al*^ produced an analog computer model for a 
reforming sequence involving hydrocarbons.
Bernstein and Dauber * * described the development of a complete 
kinetic model of the Powerforming process which provided
(a) Excellent precision and greater detail in predicting results
of ’conventional’ operations, allowing true process
optimization.
(b) The ability to extrapolate available data in order to extend
the process into new areas of reforming operations.
12Bundgaard-Nielsen and Henningsen proposed a general 
reforming model (Figure 1.6) which for the first time distinguished 
between:-
(1) normal and isoparaffins;
(2) C^-ring and C^-ring naphthenes.
Using estimated reaction rate data for a Cg-naphtha, a system of seven 
differential equations was solved which described the temperature change 
and change in concentration of the individual components with time.
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13Kmak has applied the basic concept of the reforming model of
1 2Bundgaard-Nielsen and Henningsen to develop a comprehensive kinetic 
simulation model for the Powerforming process and also a ’coke make’ 
prediction model. This model has been used for developing optimum 
commercial Powerformer designs.
1.5 Bifunctional Catalysis in Reforming
A number of reviews of bifunctional catalysis have been 
p u b l i s h e d * ^ * a n d  it is unanimously agreed that the use of 
bifunctional catalysts for the reforming of petroleum naphthas is 
one of the most outstanding applications of heterogeneous catalysis 
this century. The bifunctional or dual-function reforming catalyst 
consists of a metal component such as platinum, palladium or nickel, 
dispersed on an acidic support such as alumina, silica-alumina or a 
zeolite. Such catalysts are termed bifunctional since they are found 
to promote simultaneously such reactions as the isomerization and 
hydrogenation of saturated hydrocarbons.
1.5.1 Physical Characteristics of Bifunctional Reforming 
Catalysts
Platinum on alumina reforming catalysts are the most common 
of the bifunctional catalysts commercially used. These catalysts 
usually contain a platinum concentration in the range 0.1 to 1 weight % 
plus a similar amount of a halogen such as chlorine or fluorine. Such 
catalysts are prepared by soaking the alumina in an aqueous solution of 
chloroplatinic acid and aluminium chloride. After drying, the catalyst 
is calcined in air at about 550-600^0*^.
Aluminas commonly used for the preparation of bifunctional 
have surface ar 
pore radius of about 5oR.
2 - 1catalysts eas between 100 and 300 m  g with an average
— 1 1 -,
1.5.2 Chemical Characteristics of Bifunctional Reforming Catalysts
The chemical nature of the alumina, silica-alumina or zeolite
support is undoubtedly acid. Theories concerning structure of the
alumina lattice suggest that it has the properties of a Lewis acid
(electron deficient s i t e s ) T h u s ,  a hydrocarbon in the gas phase
is capable of donating electrons to a Lewis acid centre with the
consequent formation of a carbonium ion at the catalyst surface,
stabilizing the acid centre. The tendency of the aluminium to revert
to its ’six-coordinated’ state provides the driving force for 
17desorption
The increased acidity due to the presence of a halogen, such 
as chlorine or fluorine, arises from the partial replacement of the 
hydroxyl ions present in the lattice. The halogen is generally regarded 
as possessing a greater electron affinity than oxygen, thus further 
electron deficient areas are created at the catalyst surface.
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CHAPTER 2
THERMODYNAMICS, KINETICS AND MECHANISMS OF THE INDIVIDUAL 
REFORMING REACTIONS OVER BIFUNCTIONAL REFORMING
CATALYSTS
2.1 Isomerization of Paraffins
The heats of reaction for isomerization reactions are 
relatively small, hence the equilibria are relatively insensitive to 
temperature.
19Sinfelt et al have studied n-pentane izomerization over 
a platinum/alumina catalyst. The data was interpreted in accordance
with the classical reaction scheme:
Pt
n-Pentane —  n-Pentene 
-H_





where the intermediate olefins are true intermediates existing 
independently of, and desorbed from, the catalyst phase. The 
isomerization over the alumina is suggested to take place via a 
carbonium ion mechanism. Taking this step as the rate determining 




where r = reaction rate 
k = rate constant
P^ = partial pressure
since over the range of conditions studied the rate was found to be 
independent of total pressure and to increase with increasing n-pentane 
to hydrogen ratio.
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20Carr examined the kinetics of the isomerization of normal
2 1pentane. He developed rate models of the Hougen-Watson type based 
on the Langmuir-Hinshelwood concept of reactions on solid catalysts.
The specific role of the olefins did not enter into Carr’s models.
22 . . 20 Lyster et al adopted a similar approach to Carr . They
presented a rate equation.which included corrections for pore flow
and diffusion to and from the catalyst surface, which fitted not only
19 20their own data, but that of Sinfelt et al and Carr
23Johnson et al re-examined the results of Carr by weighted 
and unweighted linear least squares analysis and also by non-linear 
regression. They found that they were unable to distinguish between 
Carr’s models on the basis of a significant lack of fit of the data.
Henningsen^^ studied n-pentane isomerization over a 
commercial reforming catalyst. The data produced was fitted to both 




and a simple adsorption model of the form:-
k P P*̂  NC^^H^
where
= adsorption equilibrium constant
The residual standard error between observed and predicted rate values
was 27% for the first model and 20% for the second.
25 .Hosten and Froment studied the isomerization of n-pentane 
and used Hougen-Watson type rate equations to fit their data. 
Discrimination between models was based upon significance tests for 
the overall regression and for each parameter separately using both
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linear and non-linear regression techniques and an integral method. In 
deriving the models, the authors assumed that only pentenes were adsorbed 
on the acidic sites, i.e. no inhibiting effects from any other reactants 
or products. After careful analysis it was concluded that the 
adsorption of n-pentene was the rate controlling step, the corresponding 
rate model being of the form:-,
where
K'= overall equilibrium constant
26In a more recent paper De Pauw and Froment have investigated
the deactivation of a platinum reforming catalyst using n-pentane
isomerization as the reforming reaction. Before commencing the
deactivation studies the authors obtain kinetic data for the pentane
21isomerization using Hougen-Watson type rate equations. An identical
25model was used to that of Hosten and Froment except that it was 
assumed that the hydrocracking products were adsorbed as inhibitors 
on the acidic sites. The equation produced for the adsorption of 
n-pentene as the rate controlling step was of the form:-
where the ’K^P_ /P„ ’ term corresponds to the inhibiting effect of ,the j LK 1I2
hydrocracking products. This, however, appears to be inconsistent
with the traditional Hougen-Watson derivation because the hydrogen
partial pressure P„ only enters the equation when the partial
2
pressures of the pentenes are replaced in the initial rate equation 
via the equilibrium relationships of the non rate controlling 
hydrogenation/dehydrogenation steps. This substitution does not 
of course affect the inhibitor term and therefore the traditional
- J5 -
Hougen-Watson equation becomes:-
This deviation is also apparent in the development of the 
other isomerization fate models as well as à model describing the fate 
of hydrocracking. The authors used non-linear regression techniques 
to fit their data to these models and conclude that, for equal 
adsorption constants for n- and i-pentene, the surface reaction is
the rate controlling step. This conclusion is in agreement with
19 25Sinfelt et al , but contrary to that of Hosten and Froment . De Pauw
and Froment^^ use the results of their kinetics investigation in
subsequent deactivation studies. It might be of interest to calculate
if this result would have been different using comparable traditionally
derived Hougen-Watson equations.
Other paraffin isomerizations have also been studied although
not as extensively as the pentane system.
27Sinfelt et al investigated the effect of the dehydrogenation
activity on the isomerization activity of a platinum-alumina catalyst
using n-heptane as the feed hydrocarbon. They concluded that
isomerization rate was independent of platinum loading above a certain
level. This gives support to the theory that the isomerization
reaction is the limiting step in the reaction sequence.
It is important to note in this section that isomerization
reactions may also take place on platinum catalysts in the absence
of acidic sites.
28 29 30 31 32Gault > > » » and co-workers have been the principle
investigators using various hydrocarbon systems. The suggested
mechanism of isomerization on the platinum sites seems to vary
30according to the system investigated. Gault concludes that care
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must be taken when considering the role of the metal function in dual­
function catalysts, since their work indicates that even under normal 
reforming conditions, the platinum function catalyses both isomerization 
and aromatization reactions and cannot be considered as a simple 
hydrogenation/dehydrogenation agent.
33
........... Nagata. investigated the reaction kinetics of the reforming
of n-heptane. The activation energies and principal adsorption species 
are determined from the initial rates of the hydrocracking, isomerization 
and cyclization reactions.
2.2 DehydrocyclizatioA of Paraffins
The conversion of paraffins into aromatics has been of interest 
to many researchers, although relatively few studies have included 
bifunctional platinum reforming catalysts.
34
Hettinger et al established that dehydrocyclization reactions 
over a Pt/AlgO^/Halogen catalyst are significant particularly at low 
hydrogen pressures. They also found that higher homologues such as 
n-nonane undergo dehydrocyclization more readily than lower homologues 
such as n-heptane.
Theories about the mechanism of the dehydrocyclization
reaction over a bifunctional catalyst vary considerably in the
35literature. Mills et al suggested that the general dual-function 
scheme via the olefin intermediate is valid. For n-hexane 
dehydrocyclization the mechanism would be:-
Pt ^^2^3 Ft
n-Hexane ---► n-Hexene  ► MCP — MC-Pentene
AlgOg Pt
 ►  Cyclohexene ---► Benzene
It has been shown^ ̂  that physically mixed bifunctional 
catalysts (metal function and acidic function on discrete particles) 
are not suitable for dehydrocyclization reactions, suggesting that
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the reaction is less likely to proceed via a mechanism involving the
gas phase transport of intermediates between separate metallic and
acidic centres. An alternative suggestion is that the initial step
involves dehydrogenation to the diolefin, hexadiene, followed by
cyclization to methylcyclopentene and that the diolefin does not
readily desorb from the platinum site, but migrates to an acidic
site by surface diffusion or interacts with one in close proximity.
27Sinfelt et al support the theory that paraffin dehydro­
cyclization proceeds via a different mechanism to isomerization.
They found that the dehydrocyclization rate increased continuously 
with increased platinum loading, (up to 0.6 weight% Pt on alumina)
whereas the isomerization rate was independent of platinum loading
36 3 7above 0.1 weight% Pt on alumina. Nix and Weisz , and Pfefferle
arrived at the same conclusions. Pfefferle suggests that there is
no direct evidence to support the theory that the cyclization reaction
takes place on acidic sites and he showed that cyclohexane and not
me thy 1 cy c 1 op ent ane is the primary cyclization product from n-hexane.
38Silvestri et al produced evidence to support the classical
39bifunctional dehydrocyclization scheme as did Pollitzer et al
Davis and Venuto^^ investigated paraffin dehydrocyclization 
over a platinum on inert alumina (non-acidic) catalyst using Cg-Cg 
paraffins. Their experimental results tie in with predictions based 
on direct cyclization to the six-membered ring structure. They dcr 
concede, however, that the small amount of aromatic isomers not 
expected from direct six-membered ring formation probably arises from 
bifunctional catalytic isomerization of the reactant prior to 
cyclization.
Daiitzenberg and Platteeuw^^ also used a platinum on inert 
alumina catalyst and suggest that hexane dehydrocyclization proceeds 
via two routes;-
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(a) Platinum catalysed six-ring closure.
(b) Thermal six-ring closure of hexatrienes formed over the
platinum function (only at low hydrogen partial pressure). 
. 4 2Davis has extensively studied dehydrocyclization of 
paraffins. He also supports the direct six-carbon ring formation 
route to the aromatic. He suggests that the présence of the halogen 
on an 'inert* alumina does not alter the selectivity and hence the 
reaction pathway for the dehydrocyclization of paraffins. In a 
equimolar naphthene paraffin mixture the competitive conversion was on 
a one-to-one basis and »a change in the molar ratio resulted in a 
similar change in the relative conversion. The relative conversion 
appeared to be dependent on the hydrogen partial pressure, higher Hg 
partial pressure favouring the relative naphthene conversion. The 
results indicated that the rate of adsorption of the two hydrocarbon 
species was roughly equivalent and that this adsorption was probably 
the rate controlling step in the reaction.
In 1973 D a v i s r e p o r t e d  that an investigation of the 
dehydrocyclization of n-heptane labelled in the 1 or 4 position with 
produced toluene with the in the methyl position. This 
discovery is consistent with the mechanism via a direct six-carbon 
ring formation.
It should be noted that the work done on dehydrocyclization 
has been carried out at vastly different conditions of temperature, 
pressure etc. and using catalysts possessing considerably different 
properties. It is possible that these factors contribute to the 
lack of agreement in the literature as to the nature of the reaction 
mechanism.
2.3 Hydrocracking Reactions
There are two basic types of cracking reactions :-
(a) conversion of higher molecular weight paraffins into
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lower molecular weight paraffins - exothermic and regarded
as irreversible at normal reforming conditions;
(b) ring opening reactions - exothermic but reversible.
Hydrocracking mechanisms in reforming are considered to be 
quite complex and are normally interpreted in one or more of the 
following ways
(i) cracking on platinum sites alone;
(ii) bifunctional cracking;
(iii) acid - catalysed cracking without any active dehydrogenation
component.
2.3.1 Cracking on Platinum Sites
Commonly termed hydrogenolysis, this type of cracking leads to 
relatively indiscriminate bond breakage, as compared to the breakage of 
centralized bonds in bifunctional hydrocracking.
Many workers have published results using different hydro­
carbons. One of the first to demonstrate hydrogenative cracking were 
Myers and Munns^^. Gault et Anderson et and
Sinfelt et have all contributed to make the published
work on hydrogenolysis quite comprehensive.
2.3.2 Bifunctional Cracking
44Myers and Munns proposed that olefins formed on platinum 
sites are intermediates in hydrocracking, in a similar way to the 
classical isomerization scheme: e.g.
Pt AI 2 O 2  Pt
n-Paraffin — - n-Olefin ^ i-Olefin ^  -- i-Paraffin
X̂ Al̂ Oj J \̂ Pt
Hydrogenolysis Hydrocracking Hydrogenolysis
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35The classical scheme of Mills et al explains the dual 
function ring opening of naphthenes. Hydrocracking is an important 
side reaction of dehydroisomerization of C^-ring naphthenes (e.g. MCP) 
because the rate of the ring opening reaction is comparable to that of 
the isomerization step.
2.3.3 Acid - Catalysed Cracking
53Sinfelt and Rohrer showed that cracking reactions occur 
over halogenated alumina and that the presence of the halogen has a 
promoting effect (see Section 1.5.2). The cracking of methylcyclo- 
pentane was found to have a higher rate of reaction and lower activation 
energy than the cracking of n-heptane. This is in accordance with the 
carbonium ion theory which suggests that the ràtfe of ctacking is 
related to the ease of formation of carbonium ions. Hydrocarbons 
containing a tertiary hydrogen atom (e.g. MCP) form ions more readily 
than those possessing only primary and secondary hydrogen atoms (e.g. 
n-heptane). Suggested reasons for the promotional effect of increased 
hydrogen pressure on the rate of hydrocracking are:-
(a) Increased surface activity (concentration of protons).
(b) Increased rate of desorption of products via hydrogenation.
(c) Reduction in the carbonaceous residues deposited on the 
catalyst surface.
2.4 Aromatization of C^-ring Naphthenes
Aromatization reactions are strongly influenced by temperature 
and hydrogen partial pressure the degree of conversion generally 
increasing with increasing temperature and decreasing hydrogen partial 
pressure.
It is generally agreed that the dehydrogenation of cyclo­
hexane to aromatics requires only platinum sites and the properties 
of the support do not appear to be particularly critical provided
- 21 -
that the platinum is well dispersed^^.
Cyclopentanes however need a bifunctional catalyst to produce 
aromatics because of the isomerization step in the reaction sequence. 
Many papers have been published on this topic. In order to simplify 
the discussion, the work on methylcyclopentane and cyclohexane will 
be discussed separately.
Under normal reforming conditions the dehydrogenation of
cyclohexanes is very rapid and it is often difficult to avoid
diffusional limitations and maintain isothermal conditions.
34 . 'Hettinger et al using methylcyclohexane found that the catalyst 
particle size was of importance because of the diffusion problem.
Heineman et al^^ and Mills et al^^ also discuss the basic 
aromatization reactions in their classical works on individual 
reforming reactions.
Keulemans and Voge^^ investigated the reactivities of various 
naphthenes over a platinum reforming catalyst and discovered that all 
cyclohexanes, except 1,1-dimethylcyclohexane, aromatize rapidly under 
normal reforming conditions. They also reported that cyclopentanes 
reacted much more slowly because of the bifunctional reaction mechanism.
The kinetics of methylcyclohexane dehydrogenation were studied 
by Sinfelt et al^^ over a platinum/alumina reforming catalyst in the 
temperature range 315-372^0 and total pressures up to 6.3 atmos.
The relatively low temperatures reduced the importance of diffusional 
effects which are apparent at normal reforming temperatures. They 
found that the dehydrogenation rate was zero order with respect to 
hydrogen partial pressure and almost independent of the methylcyclohexane 
partial pressure. The small inhibiting effect of aromatics indicated 
that adsorption equilibria were not established and assuming that the 
rate of adsorption of aromatics is lower than that of methylcyclohexane 
the following single kinetic scheme was proposed:-
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phase ~ ^  adsorbed (Toluene)^^^ phase
Step 1 involves a series of stages in which methylcyclohexane is adsorbed 
and converted to toluene on the catalyst surface. . The near zero-order 
behaviour of the reaction is explained by the heavy coverage of the 
active catalyst sites by toluene, and that the observed reaction rate
is the rate of desorption of toluene.
D ’t- u' j XT* 57,58,59,60,61,62 , . . _Ritchie and Nixon have comprehensively
examined the dehydrogenation of C^-ring naphthenes over a platinum/
alumina catalyst in the absence of added hydrogen. Their work was
in connection with a completely different, but nevertheless very
interesting, line of research involving the possible use reforming
reactions to supply fuel for high speed aircraft. The thinking
behind this research was that aerodynamic heating is a major problem
and perhaps naphthenes could be used to provide a heat sink (cf. highly
endothermie reactions) and at the same time the reaction products would
serve as fuel. Some of the conclusions of their work may be summed up
as follows :-
(a) At 450°C, dehydrogenation reaction rates increase with the 
addition of methyl groups to the naphthene ring coupled 
with a reduction in the apparent activation energy.
(b) Naphthene dehydrogenation proceeds via a dissociative 
adsorption process in which the formation of a carbon 
metal bond on the catalyst surface is concurrent with 
hydrogen removal from the ring. The rate controlling
step is presumed to be the initial naphthene adsorption.
63Hawthorn et al investigated the dehydrogenation of methyl­
cyclohexane over a commercial platinum/alumina catalyst under reforming
conditions without added hydrogen. They developed a kinetic model of 
2 1 . .the Hougen-Watson type which included temperature dependency. This
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kinetic model was then used to develop a mathematical model for the packed 
bed reactor system which included transport effects.
Davis^^, using traced the fate of methylcyclohexane during
naphtha conversion over a Pt/Al^O^ catalyst. It was found that the 
primary reaction was dehydrogenation to toluene via a platinum catalysed 
pathway. Limited dimethylatioh to benzene also occurred by a similar 
mechanism. The suggested mechanism for the conversion of aromatics (or 
naphthenes) to paraffins was via a bifunctional 'metal-acid* route.
Hishida et al^^ studied the dehydrogenation of cyclohexanes 
over a chromia-alumina catalyst using a pulse technique. They found 
that the slowest step of the aromatization sequence is dehydrogenation 
to the cyclomono-olefin, where each of the two hydrogens is abstracted 
stepwise. The rate of hydrogenation of cyclohexane to cyclohexane was 
found to be negligible compared to the rate of dehydrogenation to benzene. 
These conclusions are in agreement with the classical work of Herington 
and Rideal^^.
2.4.1 Dehydrogenation of Cyclohexane
The kinetics of this reaction have been extensively studied 
and many of the reports published in the literature are highly 
contradictory. Few of the investigations have been made under 'normal* 
reforming conditions because of difficulties in coping with the large loss 
of heat due to the endothermie CH->-BZ reaction (AH - 50 Kcal/mole) . This 
effect combined with an extremely fast forward reaction tends to result 
in diffusion and/or temperature limitations. By reduction of the 
temperature, low conversions to benzene can be achieved and reduction of 
the hydrogen partial pressure decreases the significance of effects due 
to the reverse reaction.
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2.4.1.1 Mechanisms
The theories concerning the mechanism of the dehydrogenation 
of cyclohexane, in which six hydrogen atoms are lost to produce benzene, 
are numerous.
Balandin^^ produced the multiplet theory of catalysis which 
still has support in the Soviet Union. This theory supposes that the 
six hydrogen atoms are removed at the same time without the formation 
of intermediate cyclo-olefins. The active catalyst unit proposed, 
which enables such a mechanism to occur, is an aggregate of metal atoms 
disposed geometrically as a cyclohexane ring. It is debatable, in the 
case of an active partially loaded catalyst where the metal dispersion 
is high, whether the metal crystallites could accommodate a cyclohexane 
ring in this manner. Even though no intermediate gas phase cyclohexene 
is detectable, it seems more likely that a stepwise reaction takes place 
and that the intermediate cyclohexene does not desorb from the catalyst 
surface prior to aromatization. In subsequent work Balandin and co­
workers suggested that benzene was formed by two different routes, one 
via the sextet mechanism and the other involving cyclohexene as a gas 
phase intermediate. It was concluded however that the direct route via 
the sextet mechanism played the dominant role in the benzene production.
At the Third International Congress on Catalysis (1964)
Haensel et al^^ presented a very interesting paper concerning the 
mechanism involved in the dehydrogenation of cyclohexane to benzene 
over Pt/AlgOg/halogen catalysts at very high space velocities. Cyclo­
hexene was detected as an intermediate in the gas phase and it was 
concluded that the ratio of cyclohexene to benzene increases with 
decreasing residence time in the catalyst bed. These authors found 
that the equilibrium concentration of cyclohexene was very small, 
making detection extremely difficult. Haensel et al^^ postulate that 
it was this problem of cyclohexene detection which caused the sextet
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theory to be established.
At the same Congress Minachev et al^^ used labelled poisons 
to investigate possible mechanisms in the reforming process. They 
question the sufficiency of the evidence presented by Haensel et al^^ 
and present arguments based on their own studies which do not favour 
cyclohexene as an intermediate product in the formation of benzene 
from either cyclohexane or methylcyclopentane.
Smith and Prater^^ use the possible mechanisms involved in 
the dehydrogenation of cyclohexane to discuss some of the capabilities 
and limitations of kinetic studies in heterogeneous catalysis. They 
discuss the deficiencies in the arguments presented by Haensel et al 
and suggest that surface reaction sequences such as:-
(a) CyclohexenesF^ Cyclohexane 5»=* Benzene
(b) Cyclohexane?= Benzene ^ — ** Cyclohexene
are consistent with the same selectivity kinetics. They conclude 
from their own experiments that if the surface reaction is sequential, 
then cyclohexene is an intermediate. They were however unable to 
dismiss the general reaction sequence
Cyclohexane CyclohexeneN ^Benzene
but suggested that if this applies, then the surface reactions are not 
completely rate controlling.
Block^^ supported the evidence of Haensel et al^^ by proposing 
that the reaction proceeds via cyclohexene and cyclohexadiene 
intermediates which were detected in the gas phase using combined mass 
spectroscopy and gas-liquid chromatography techniques. The data 
presented also seems to be susceptible to the same general critical 
analysis of Smith and Prater^^.
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2.4.1,2 Kinetics at Abnormal Reforming Conditions
Experiments to obtain so-called ’true kinetics’ of the reaction
Cyclohexane Benzene at low temperature and pressure (gradientless
system), have been attempted by many researchers using various catalysts.
It is obvious from the variety of models proposed that agreement with
observed results is affected not only by the reaction sequence but by
all the other system parameters of which the particular catalyst
properties must be important.
72Balandin et al developed a simple model for direct aromatizaation 
of cyclohexane over a chromium oxide catalyst:-
^ ^CH r = ------------------
^CH ^Z^BZ * ̂ 2 ^ 2
73Other early models over chromium oxide catalysts were that of Flid et al :-
^ ^CH r = --------




All these models indicate the hydrogen partial pressure to be
rate inhibiting and have a positive reaction order with respect to
72cyclohexane. Balandin et al include the benzene partial pressuré as
an inhibitor. Herington and Rideal^^, however, do not consider that
the hydrogen and benzene partial pressures inhibit the dehydrogenation 
reaction rate.
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73Andreev et al used a nickel on zinc oxide catalyst for their 
studies and produced different rate expressions for different initial 
benzene partial pressures:-
r = k  or r =
Initial BZ partial pressure <42 mm Hg
 ̂ ^ • ĈĤ BZ
Initial BZ partial pressure >42 mm Hg
Ross and V a l e n t i n e p r o d u c e d  the following rate expression
for the kinetics of cyclohexane dehydrogenation at atmospheric pressure
and in the temperature tange 100-260°C:-
 ̂  ̂ • Fgg .
The zero order with respect to benzene partial pressure reduces the
73expression for the rate to the same equation as that of Flid et al
73Mencier et al studied the dehydrogenation of cyclohexane 
over a platinum/silica catalyst at atmospheric pressure and temperatures 
ranging from 230-280^C, They developed a Hougen-Watson^^ type rate 
expression of the form:-
^  ^ C H  * ^ C H  r = -----
which indicates a strong inhibiting effect due to the hydrogen partial 
pressure.
Many different values have been produced for the activation 
energy of the dehydrogenation reaction. Again it is almost impossible 
to compare or criticise particular values because of the wide variations 
in operating conditions, catalysts etc. The magnitude of the values 
obtained by various researchers for the activation energy range from 
14-47 Kcal/g mole. These values obviously seem to depend on the type 
of catalyst used, the temperature range considered and the influence
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of diffusional limitations.
2.4.1.3 Studies at Normal Reforming Conditions 
This type of kinetic analysis is of more interest, since it 
deals with the kinetics of the dehydrogenatic of cyclohexane at realistic 
reforming conditions.
Barnett et al^^ worked in the temperature range 337-488°C and 
at 14.7 atmospheres pressure using a 4:1 feed mixture of cyclohexane 
and benzene over a catalyst in the form of ^/8" pellets. They
summarize their results as follows:-
(a) At 13.8 Bar gauge the influence of internal diffusion was
exhibited by ^/8" catalyst pellets above 370°C.
(b) The activation energy for the intrinsic catalytic reaction 
was found to be 41.6 Kcal/mole. Under internal 
diffusion control (i.e. above 370°C) the trend in data 
suggested an apparent activation energy of about half the 
intrinsic value.
(c) The Wheeler^^ correlation for the effectiveness factor 
as a function of the Thiele parameter (E = (-̂ ) Tanh (p) 
produced a satisfactory model for the system investigated 
in which the reaction followed essentially first order 
kinetics at low conversions. The best fit to the data
resulted when a Knudsen-controlled diffusion coefficient
was adopted with a tortuosity factor of one-eighth to 
describe the pore diffusion.
(d) No significant effect due to inter-particle mass transfer 
in most of the experiments. This statement is not well
documented and would appear to be dubious in the 
experiments above 370°C.
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Khoobiar et al^^ used a platinum/alumina catalyst to study 




Hydrogen/Cyclohexane Molar Ratio 2-6
Space Velocity 1-800 w/hr/w
Efforts were made to operate the reactor isothermally by 
diluting the reforming catalyst with inert (non-acidic) alumina 
particles. This technique helps to eliminate overall radial and 
axial temperature gradients but does not necessarily eliminate inter­
particle mass transfer effects. After making detailed mass and heat
transfer calculations Khoobiar et al^^ summarized their results as
follows:-
(1) The observed conversions were greater than that corresponding 
to equilibrium.
(2) There was no heat transfer limitation since the conversion 
was not observed to change as flow rate was decreased by 
factors of 2 and 3.
In an attempt to explain these confusing results, the 
authors postulated, that the reaction starts on the catalyst surface, 
but is propagated elsewhere, possibly on the surface of the diluent 
alumina. Such a mechanism necessitates the migration of reactive 
intermediates by surface diffusion. A further constraint on the 
mode of reactions is that the active intermediates must interact with 
each other in such a way that only a limiting concentration of them can 
exist in the space surrounding the catalyst particles. This constraint 
is essential in order to explain the fact that conversion depends on 
catalyst concentration at constant feed rate.
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The feasibility of this argument was soon challenged by 
78Chambers and Boudart who pointed out that the diagnostic test for
detecting whether heat and mass transfer to the catalyst particles
is rate controlling, sometimes fails because of its lack of sensitivity 
under conditions commonly used in the laboratory, namely
(1) Catalyst particle size is kept small to minimize intra­
particle temperature and concentration gradients.
(2) Linear flow rate is usually low so as to obtain a 
reasonable contact time over a relatively small 
volume of catalyst.
The implication of point (2), is that the Reynolds’ Number
is small which implies that firstly, the influence of heat and mass
transfer may be considerable, and secondly, the dependence of the
coefficients of heat and mass transfer on flow rate may be so weak
as to invalidate the test of conversion versus flow rate.
Published heat and mass transfer data for Re < 50 are sparse
and some of the correlations presented are somewhat optimistic with
78regard to the range of validity. Chambers and Boudart show that
if the correct correlations are used, the results of Khoobiar et al^^
are heat and mass transfer limiting. Hence, the complex reasoning
as to possible reaction mechanisms is unnecessary. The low value of
activation energy (15 Kcal/mole) obtained by Khoobiar et al is also in
accordance with a transport controlled rate model.
79Graham et al presented a transport controlled model for 
cyclohexane dehydrogenation over a platinum/alumina catalyst in the 
presence of excess hydrogen. The catalyst diluent in this 






% Cyclohexane in Feed 16-25 mole %
To develop their basic rate model, complete transport control of the 
overall reaction with thermodynamic equilibrium at the fluid external 
surface interface was assumed. The average deviation between the 
theoretical and the experimentally determined differential rate data 
was found to be 5.65%. The basic model was then modified by removing 
the surface equilibrium assumption and including an approximate surface 
rate equation. A small, but significant improvement in the fit was 
achieved, reducing the average deviation between calculated and 
experimental rates to 4.3%.
All the studies of the aromatization of cyclohexane under 
realistic reforming conditions reveal that the transport processes in 
the reactor are the controlling influence since the true chemical 
reaction rates are extremely fast.
2.4.1.4 Reactions of Cyclohexane over P 1atinum-Alumina- 
Zeolite Catalysts
The use of a crystalline zeolite as the isomerization promoting 
component of a p 1atinum-alumina bifunctional reforming catalyst is another 
development which could provide a major advance in reforming catalyst 
technology in the future. Apart from the possible benefits gained'in 
terms of activity and thermal stability, the zeolite catalysts do not 
require the presence of a halogen as a promoter. Hence the corrosion 
and halogen level maintenance problems, normally associated with more
traditional reforming catalysts, are avoided.
80Allan and Voorhies have investigated the simultaneous 
dehydrogenation and isomerization of cyclohexane over a platinum- 




Molar Ratio Hydrogen/Cyclohexane 20 
The effects of temperature, pressure, contact time and catalyst particle 
size were studied. It was found that it was necessary to operate at 
temperatures of 755°F or less and a particle size range of 0.147-0.351 mm, 
to avoid pore diffusional limitations in the reaction rate. The 
aromatization reaction was modelled using the simple reaction scheme 
involving cyclohexene as the intermediate and assuming reversible first- 
order kinetics, »
Voorhies and co-workers have also investigated hydroisomerization 
and hydrocracking reactions over zeolite based catalysts using various 
hydrocarbons.
2.4.2 Aromatization of Methylcyclopentane
When methylcyclopentane is reacted over a reforming catalyst at 
realistic reforming conditions the product analysis is much more complex 
and difficult to analyse as compared to the cyclohexane system. The 
reason for this complexity is that two major reaction sequences take 
place:
(a) Isomerization/Dehydroisomerization to Benzene/Cyclohexane.
At normal reforming conditions the major product of this 
scheme is benzene as discussed earlier. ....
(b) Decyclization to straight-chain compounds followed by the 
many reaction sequences of paraffins.
The selectively of these two reaction paths is of considerable 
importance in the reforming process since aromatics production is highly 
desirable.
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2.4.2.1 Mechanisms of the Isomerization/Dehydroisomerization 
Reaction"
35Mills et al suggested the dual function isomerization route 
analogous to the scheme proposed for paraffin isomerization.
X
Methylcyclopentane -w— - Methylcyclopentene
i
X X
Cyclohexane ^— —  Cyclohexene ^ Benzene 
X = Platinum
Y E Active Acidic Support, e.g. Alumina
Horizontal steps are catalysed by the metal function and 
vertical step by the acidic function. This classical scheme is 
generally accepted as the basic mechanism for the production of benzene 
from methylcyclopentane. It is generally postulated that the iso­
merization step is the rate controlling step, since it has not been 
possible to detect the cyclohexene intermediate (cf. cyclohexane 
dehydrogenation, the cyclohexene to benzene step is not rate controlling 
in an overall reaction which is very fast,
Haensel et al included MCP-isomerization in their studies. 
They managed to detect intermediate methylcyclopentene but were unable 
to find any trace of cyclohexene. Minachev et al did not acknowledge
the existence of the cyclohexene intermediate.
30Barron et al state, that platinum itself can catalyse _ the 
aromatization of methylcyclopentane. They propose a similar mechanism 
to that of isomerization on an acidic function, but involving poly­
adsorbed species and not carbonium ions.
2.4.2.2 Decyclization Mechanisms
Four different mechanisms for the ring-opening of methyl­
cyclopentane have been suggested:-
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35(1) Dual-function decyclization
(2) Acid independent ring-opening catalysed monofunctionally by
28,30platinum
53(3) Acid catalysed ring-opening without the presence of the 
metal function.
(4) Each function of a dual-function catalyst separately
catalysing the decyclization reaction by different
, . 81,82 mechanisms
The first three mechanisms were discussed in the context 
of hydrocracking (see Section 2.3).
81Scheme four was first discussed by lijima et al who suggested 
that the decyclization reaction took place on two different kinds of 
sites:-
(a) The platinum site which is highly active for this type of 
reaction but easily poisoned by low concentrations of 
either coke or sulphur.
(b) The acidic alumina site which is less active but more
resistant to poisoning.
82Smith et al studied the decyclization of methylcyclopentane
over a Pt/Alumina catalyst. Using poisoning techniques they deactivated
both functions separately and together. They also used physically mixed
81dual-function catalysts. They -verified the results of lijima et al 
With only the platinum function available the distribution of ring7 ,
28opening products was found, in accordance with the work of Gault et al , 
to be nearly statistical. The acid dependent route produced almost 
exclusively n-hexane which suggests a carbonium ion mechanism.
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2.4,2,3 Kinetics of Methylcyclopentane Reforming Reactions
As mentioned previously the rate controlling reaction in the 
aromatization of methylcyclopentane to benzene is commonly taken as the 
isomerization stage.
Haensel et al^^ proposed that it was possible to selectively
deactivate the reforming catalyst and change the rate-determining step.
83Sinfelt and Rohrer studied the kinetics of MCP aromatization 
at low conversion levels using a Pt/Alumina catalyst. A limited amount 
of data is presented for the following reaction conditions:- 
Tender atui>e 471°C
Hydrogen Partial Pressure 0-20 atmos,
MCP Partial Pressure 0,1-10 atmos.
Differential rates were found, the isomerization rate being determined 
from the conversion to benzene and cyclohexane, and the rate of hydro­
cracking coming from the conversion to paraffins.
When no hydrogen was present, no reaction via the isomerization 
route was detected. The authors suggest that the platinum sites rapidly 
became swamped with adsorbed hydrogen deficient hydrocarbon residues 
which block the hydrogenation-dehydrogenation step of the reaction.
They propose that one of the roles of hydrogen is in fact to keep the 
catalyst surface clean by saturating these residues such that they 
desorb. At low hydrogen pressures the reaction rate increased with 
increasing H^-partial pressure. Between the pressure range 6-20 atmos. 
the overall isomerization rate decreased as H^-partial pressure increases. 
This latter observation is in accordance with the isomerization step being 
rate controlling, since the concentration of cyclopentene intermediates 
approached an equilibrium value which is inversely proportional to the 
hydrogen partial pressure. To demonstrate the apparent dual-role of 
the hydrogen Sinfelt et al suggest the following reaction scheme:-
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-Methylcyclopentene
[H] r ^  -, nMethylcyclopentane ------ ►  [Methyl cyclop en tenej  — ^1^-1— î:— ^ Rkj %2
N.B. Brackets j refer to adsorbed species 
R E residue
At low hydrogen partial pressures it is suggested that the dehydrogenation 
step is rate controlling, but as the pressure increases and the residue 
is readily removed by adsorbed hydrogen the isomerization rate becomes 
rate controlling.
' 83Sinfelt et al also found that the rate of isomerization 
decreased with increasing methylcyclopentane partial pressure at low 
hydrogen partial pressures. They suggest, that the reason for this, is 
the increased competition between methylcyclopentane and hydrogen for 
the available active platinum sites, resulting in an increased deficiency 
of adsorbed hydrogen with which to remove the unsaturated residues from 
the catalyst surface.
82Smith et al investigated the influence of hydrogen partial 
pressure on the rate constant ratio
^  _ Mole Fraction Paraffins in Product Mixture
k^ Mole Fraction R^ Cyclics in Product Mixture
The relationship between -r—  and hydrogen partial pressure over the
I
pressure range 6-33.8 atmos., was found to be of the form:-
V
T - =  a + b(P )
I 2
a,b = constants
P = hydrogen partial pressure 
2
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From this relationship it can be seen that high pressure favours 
decyclization which agrees with the conclusion of Sinfelt and Rohrer^^ 
at elevated hydrogen partial pressures.
Nagata^^ investigated the kinetics of the reforming reactions 
of methylcyclopentane and found that the rate data were satisfactorily 
described by a rate expression based on the assumption that the 
principal adsorption species were methylcyclopentyl radicals and 
dissociated hydrogen.
2.5 Optimum Catalyst Composition
The very nature of a dual-function reaction scheme implies that 
a particular catalyst function is needed at a particular time to promote 
a single step in the overall conversion of one compound to another. In 
the case of competing reactions where the selectivity with respect to a 
particular product is important, it is logical to provide the optimum 
reaction conditions to maximise the yield of the desired product. This 
can obviously to achieved to a limited extent by variation of the general 
system parameters such as temperature, pressure, space velocity etc. 
However, it has been of interest to some researchers that maybe the: 
composition of the bifunctional catalyst can be varied to provide an 
optimal conversion policy in a reforming process. It is,- of-course, 
impractical to suggest a gradual variation of catalyst composition in a 
single reactor, but it is not unreasonable to suppose that a series of 
reactors containing different catalyst compositions could approximate 
to such a system.
The fact that an optimum catalyst formulation might be desirable
85was first suggested by Gunn and Thomas following the experiments of
86 87 88Weisz and Swegler and Weisz . Thomas and Wood used Pontryagin's
Maximum Principle to calculate optimum catalyst composition profiles for
bifunctional catalyst systems in tubular reactors. Using the simple
reaction scheme.
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where X,Y = catalyst functions, discrete particles
A,B,C = arbitrary compounds
The ratio of the catalyst functions X and Y was studied such that the 
yield of the desired product, C, was maximised. It was found that, 
depending on the values of the kinetic parameters, a changing catalyst 
composition profile or a two-stage reactor containing the pure catalyst 
components, gives an optimum yield. In some cases, however, the choice 
of kinetic parameter was such that a constant catalyst composition
profile gave yields close to the optimum.
89Jenkins and Thomas applied this method of analysis to the 
reactions involved in the conversion of methylcyclopentane to benzene 
over a Pt/Silica-Alumina catalyst. The kinetic model used for the 
analysis at low conversions was:-
Methylcyclopentane ̂ --- Methylcyclopentene ■«»---- Methylcyclopentadiene
"2
Y k.
Cyclohexene ---  Benzene
> ^ 1 0
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Using the Maximum Principle Jenkins and Thomas®^ calculated the catalyst 
composition profile such that the yield of benzene was maximised, 
simultaneously suppressing the formation of unwanted products. Assuming 
isothermal operation and chemical reaction control it was deduced that a 
constant catalyst composition throughout the reactor represented a sub- 
optimal policy which closely approximated to the optimal solution.
90
Al-Samadi et al investigated some of the theoretical aspects 
of the production of benzene from methyleyelopentane using a dual­
function catalyst. The effects of intraparticle and interparticle 
mass and heat transfer were examined for both discrete monofunctional 
catalyst particles, physically mixed, and compounded pellets. For both 
models it was found that no temperature gradients exist within the 
catalyst particles, the major resistance to heat transfer being from 
the bulk fluid to the particle surface. Compounded catalyst particles 
were found to give better benzene yields than discrete ones'under 
identical conditions. Using an optimally compounded catalyst under 
isothermal operation, the highest benzene yields were achieved with a 
constant composition in a single zone or two zones each containing 
catalyst particles of constant, but different, compositions. For non- 
isothermal operation the compounded catalyst system was found to be
relatively insensitive to bifunctional composition.
91Butt has written an extensive review article on catalyst 




DESIGN AND DEVELOPMENT OF THE EXPERIMENTAL EQUIPMENT 
This Chapter deals with the development of the two experimental 
systems used during the research program. Two different types of 
reactor were used:-
(a) A Tubular Packed Bed Reactor.
(b) A Spinning Basket Gas-Solid Reactor.
The two reaction systems were developed concurrently and some of the 
ancillary equipment is common to both rigs.
The primary objectives of the research program at this stage 
fell into two categories:
(1) To design and construct a small pilot plant scale packed bed 
reforming reactor capable of operating over the full range 
of conditions normally encountered in commercial reforming 
operations. The reactor design requirements were such that, 
at steady state, both temperature and concentration profiles 
in the catalyst bed could be measured. This unit was to be 
used to study the aromatization of methyIcyclopentane (MCP) 
to benzene (BZ) over a wide range of operating conditions 
using various reforming catalysts.
(2) To integrate into the basic reforming unit a spinning basket 
reactor system which could operate under similar conditions 
of temperature and pressure. This reactor was potentially 
more flexible for studying the performances of different 
catalysts.as well as providing experimental results largely 
free of diffusion influences.
With the results obtained from the two reactors, it was planned 
to develop a suitable kinetic model for MCP/BZ reaction system. This 
kinetic model would then be used as a basis for studying mass and heat 
transfer characteristics in the packed bed reactor.
” 4 1 “
3.1 The Design and Construction of the Tubular Packed Bed
Reactor Unit
3.1.1 Design Considerations
The first major consideration in any design is sizing of the 
unit. In this case the ultimate size was largely influenced by the 
estimated operating costs based on the money available for the research 
program.
The catalyst bed volume is directly linked to throughput by 
the liquid hourly space velocity (L.H.S.V.) where
T „ „ _ Volume of Liquid Feed ___________1__________
' Hour ^ Volume Catalyst Bed
Commercial reforming units operate at L.H.S.V.'s in the range 1-5 with
hydrocarbon feeds which consist of a ’cut’ of naphtha, usually up to
Cj 2 * As outlined in the research objectives the hydrocarbons of primary
interest in this investigation are the naphthenes, in particular
methylcyclopentane. Use of a naphtha containing >C^ hydrocarbons
would result in production of naphthenes other than from a source,
which from an analysis point of view would be undesirable.
It is also undesirable to use naphthenes alone as the feed
hydrocarbon for the following reasons:
(a) The cost of relatively pure naphthenes is high and therefore 
the only way of maintaining a reasonable level of operating 
costs would be to design a miniature reactor.
(b) Many of the reforming reactions involving the naphthenes are 
highly endothermie (-50 Kcal/mole) which could create heat 
transfer problems.
(c) Such a system would perform in a totally different manner to 
a commercial process and would defeat one of the main 
objectives, namely to simulate a commercial unit on a small 
pilot plant scale.
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It was decided that the most realistic approach would be to use 
a desulphurized light naphtha mixture as the hydrocarbon feed. Such a 
mixture consists of mainly and paraffins and contains only minute 
quantities of C ^ ’s. The likely reforming reactions of this mixture 
are almost exclusively isomerization and cracking (mostly exothermic) 
with negligible production of hydrocarbons. For the purposes of this 
investigation, the mixture was dosed with known quantities of the 
particular naphthene under investigation and it was assumed at the 
design stage that all subsequent production of compounds could be 
directly attributable bo dosed naphthene. The choice of this feed 
mixture has some major implications and advantages when considering the 
reactor design
(1) The cost of the naphtha is almost negligible compared to 
a naphthene such as methylcyclopentane, i.e. a larger 
catalyst bed can be used for the same running costs.
(2) The loss of heat in the catalyst bed due to the endothermie 
naphthene aromatization reactions (<--50 Kcal/mole) will be 
partially if not wholly compensated for by the exothermic 
reactions involving the naphtha. As a result the heat 
and mass transport effects in the catalyst bed should be 
considerably reduced.
(3) By choosing a large excess of the naphtha (90-95% of the 
total hydrocarbon feed) and a correspondingly large catalyst 
bed, the system is capable of acting as a heat sink and 
should reduce the likelihood of 'cold' (or 'hot') spots in 
the catalyst bed.
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(4) Most of the reforming reactions discussed in Section 1.2 
involve no overall volume change apart from the reactions 
involving the naphthenes
(a) M C P  ►BZ + ---  1 mole --- ►  4 moles
(b) MCP + -► n - H e x---- ---  2 moles ►  1 mole
(c) CH --- ►  BZ + — -—  1 mole  ►  4 moles
Provided that the overall concentration of C^ naphthenes in the feed is
reasonably low, the mass transport effects due to volume changes on
reaction should be minimized.
Thus the use ̂ of the C^ naphtha mixture is likely to result in 
considerably reduced heat and mass transport effects due to chemical 
reaction. The net effect is that the choice of catalyst bed size and 
dimensions is less critical. Based on predicted operating cost 
considerations a catalyst bed size of 500 ml was chosen. Having 
chosen the volume, factors affecting the choice of bed diameter bed 
height and diameter are:-
(a) Pressure drop.
(b) Axial transport effects.
(c) Radial dispersion of heat and mass including wall effects.
The reduced importance of heat and mass transport effects due
to chemical reaction means that greater consideration may be paid to
the minimization of wall effects and pressure drop and to achieving
concentration and temperature profiles which could possibly be
characterized theoretically. The theoretical pressure drop for a
1 "  1 "50 mm diameter bed using -g- x —  cylindrical pellets was found to be
acceptable for a catalyst bed volume of 500 ml, i.e. a bed height
92255 mm. It is generally considered that for turbulent flow
conditions, the influence of axial mixing on the temperature and




For a bed height of 255 mm the ratio is -80.
The value of the ratio, particle diameter to bed diameter, is
usually a compromise between minimizing the wall effects and pressure
drop, and supporting good radial transfer so that a one dimensional
reactor model can be assumed. A value 0.1 is considered to be
92acceptable to satisfy these criteria . For a 50 mm bed diameter, 
the ratio is 0.06.
The discussion of the design considerations so far, has 
outlined the importance of achieving acceptable concentration and 
temperature profiles in' the catalyst bed so that subsequent
analysis of the results is less conçlex. Many laboratory scale 
investigations have concentrated on varying the linear flow conditions 
and measuring the extent of reaction at the outlet with respect to 
space velocity by ignoring or eliminating transport effects. It can 
be seen, however, from the definition of space velocity, that it can 
be varied, either by altering the linear flow conditions, or by changing 
the catalyst bed volume. Variation of catalyst volume (retaining 
constant bulk density and low pressure drop) is a more sound approach 
to the problem when transport effects are important, since similar linear 
conditions of flow within the catalyst bed are maintained.
Physically increasing the bed volume by adding extra catalyst 
particles between or during experiments is tedious even with systems which 
are operated at atmospheric pressure and low temperature. Not only does 
the average reforming process operate at high temperature and pressure, 
but it is sensitive to the presence of water, oxygen, nitrogen etc. and 
needs considerable preparation after exposure to the general atmosphere 
before it can be satisfactorily used in reforming. Another disadvantage 
of periodically increasing the catalyst bed volume is that different 
sections of the bed might be subject to slightly different packing 
characteristics and the flow requires in the bed might be effected.
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A more acceptable solution to this problem is to incorporate
into the reactor system a means of taking axial samples at different
bed lengths (hence different space velocities) from a catalyst bed of
static overall volume, a method which has been used by other researchers
93 94at low pressure and temperature . The major problem in this case 
is to remove small sanples of the reaction mixture from a system at 
high pressure and temperature such that:-
(a) The steady state conditions in the catalyst bed are unaffected, 
i.e. the sanple flow must be virtually negligible compared to 
the system throughput.
(b) The sample should represent the reaction conditions at the 
designated axial position in the catalyst bed.
The question of whether the sample is a true representation of
the reaction mixture at a particular point in the bed is a very pertinent
question and is one which should be closely examined.
Firstly, the radial position of the sampling part should
94represent the mean radial value of the conversion. Pexidr et al
94 . . .used the findings of Schuler et al ‘ which indicated that the most
appropriate position was a distance of to ^ d^ (d^ = tube diameter)
95 .from the wall. Froment studied the problem for a simple reaction
I
and found that the sampling tube should in fact be preferably located at
d if the mean radial value of the conversion is to be measured, o t
Secondly, the sample taken from a reforming unit is a mixture 
of hydrogen and hydrocarbons in vapour form. The method of analysis 
used for analysis of such a sample, is gas liquid chromatography which 
requires either a gaseous or liquid sample input. Since many of the 
light hydrocarbons are not easily liquefied, the only way of providing
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a single homogeneous sample to the GLC is to make sure that the sample 
is totally gaseous. Preliminary flash calculations indicated that an 
Hg/HC mixture in a ratio of 4:1 where the composition of the hydrocarbon 
mixture 90-95% paraffins, 5-10% paraffins/cyclics/aromatics would be 
almost totally gaseous at 150°C, even at high pressure, because of the 
low content of the heavier hydrocarbons. This is another advantage 
of using a C^-naphtha feed hydrocarbon mixture. Therefore it was 
necessary to design a sampling system which maintained the temperature 
of the sample removed from the reactor at &150°C until it could be 
’doused' with nitrogen* after which the partial pressure of the hydro­
carbons is so low that the sample remains gaseous at room temperature.
It is worth noting here that once the sample leaves the catalyst bed, 
reaction ceases and that nitrogen is inert to this mixture at 150°C 
and is not detected by the GLC which uses it as the carrier gas (see 
Section 3.1.4).
Thirdly, the method of analysis of the sample should be good 
enough to elucidate the various fractions of the hydrocarbons present 
such that an accurate distribution of reaction products at a given 
space velocity can be estimated. The performance of the gas-liquid 
chromatograph will be outlined later.
The method of obtaining reliable axial and radial temperature 
profiles from a fixed bed reactor is a problem which invariably ends up 
as a compromise between various contributing factors. The most 
suitable type of temperature measuring device for a packed bed reactor 
system, is the thermocouple which can be fabricated in many different 
configurations. General requirements of a particular thermocouple 
arrangement are that they should be sufficiently strong to maintain 
their preset axial and radial position on the catalyst bed as well as 
being sufficiently fine and sensitive to detect sharp temperature 
gradients. These arguments, of course, only apply to fixed thermo­
couples. Some researchers^^ have used a tube inserted radially into
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the catalyst bed and measured axial profiles by sliding a fine thermo­
couple down the tube. This effectively converts the catalyst bed into 
an annulus which can create problems in terms of transport effects (cf. 
earlier discussion in this section on particle size, bed diameter and 
packing).
Figure 3.1 shows the four thermocouple configurations 
94investigated by Pexidr et al who measured both axial and radial
temperature profiles involved in the fixed bed hydrogenation of
benzene. The first arrangement was used for obtaining the radial
profile at constant axial position. It was found that the central
wire had to be strong, have a small cross sectional area, low heat
conductivity and a large surface, otherwise, distortion of the profile
occurred due to conduction of heat to or from the wall. The other
configurations (B-̂ D) record direct measurements of the mean temperature
at a given axial position. In arrangement (C) the effective thermal
conductivity of the bed is substituted by a far higher conductivity
of the metal plate, the temperature of which remains approximately
constant over the radial cross-section and representing the areal mean
cross-sectional temperature. Configuration (D) represents a series of
thermocouples, arranged radially, such that the distances from the
reactor axis are equivalent to the square root of the radial co-
94ordinate. Sgarlatta-Lattman discussed the techniques used by 
Pexidr et al and presented data which indicate that radial profiles, 
measured with thermocouples whose junction lies in the same axial 
plane as the rest of the configuration are distorted, not because 
of conductivity effects but because of flow disturbances caused by 
the very presence of the thermocouple (see Figure 3.2). It is 
suggested that arrangement (A), Figure 3.1 causes flattening of the 
profile due to radial mixing along the thermocouple surface. 
Configuration (a), Figure 3.2 is considered to be the most suitable
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since the disturbances created are localized and dampen out rather quickly. 
Sgarlatta-Lattman also suggests that similar criteria apply to concentration 
measuring devices.
The major problem of using radially placed thermocouple 
arrangements for studying temperature profiles in the reforming process 
is firstly the pressure involved and secondly the actual positioning in 
the steel tube. The problem of pressure is not one of sealing the 
unit since single thermocouples are fabricated in stainless steel 
sheaths which can be used with compression fittings. Multiple units 
similar to the one described by Pexidr et al are rather specialised 
and the favoured configuration of Scarlatta-Lattman would be difficult 
to install. Difficulties are encountered when considering the 
insertion of single thermocouples radially (i.e. from the top or 
bottom) , the two major ones being:
(a) The strength of the thermocouple needed to maintain its 
preset position in the bed, since the point of entry into 
the reactor system is a considerable distance away (e.g.
Figure 3.2, configuration (c) ).
(b) In a pressurised packed bed reactor located in a vertical 
position, the bottom of the reactor incorporates a method 
of supporting the catalyst bed and the top usually consists 
of an automatic relief mechanism. Thus radially inserted 
thermocouple configurations would cause increased 
complexity of the mechanical design.
One point that most researchers do not mention when considering 
the accuracy of temperature profiles from any thermocouple configuration, 
is the accuracy of the reading produced by the thermocouple itself. The 
manufacturing tolerances of Iron-Constantan and Chrome1-Alumel mineral 
insulated thermocouples are such that for a true temperature of 200°C 
the inaccuracy to two consecutive thermocouples in a configuration could 
be ±6°C. A similar comparison for a true temperature of 500°C reveals
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inaccuracies of the order of ±4-5°C. This lack of accuracy of the 
temperature detecting device which does not include possible inaccuracies 
in other instrumentation should be a major consideration in choosing the 
methods used to estimate axial and radial temperature profiles in packed 
beds. N.B. The thermocouples can of course be calibrated provided 
that the discrepancy is uniform throughout the temperature range and 
remains constant during service.
3.1.2 Safety Considerations
The reforming process can generally be described as a system 
which mixes hydrogen and hydrocarbons at high temperature and pressure.
The very nature of the materials used and the normal operating 
conditions require that stringent safety precautions should be taken to 
ensure protection of both life and property.
After careful consideration it was decided that the normal 
laboratory facilities were inadequate even if the equipment was behind 
screens because any explosion, albeit with a laboratory scale unit, 
could cause considerable devastation if not contained.
To overcome this problem a small underground laboratory was 
designed and constructed to house the unit. The laboratory consists 
of two rooms, individually accessible, one housing the reforming unit 
and the other housing the control panel, analysis system and operator. 
Between the two rooms is a reinforced concrete wall which is solid apart 
from a reinforced plate glass observation window and a small low level 
duct, used for electrical connections to the control panel and the 
main sampling line.
The laboratory safety features include (in hazard room 
containing main unit unless otherwise specified):
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(1) Extractor fan. No power is available to the laboratory 
unless extractor fan is running. Failure of fan results 
in automatic shutdown of the power supply.
(2) Flame-proof lighting (both rooms).
(3) Manually operated alarm system (both rooms).
(4) Fire blanket.
(5) Dry powder fire extinguishers.
Services to the laboratory include water and electricity, gases 
(e.g. hydrogen, nitrogen and compressed air) being supplied from cylinders 
located outside. The electrical services are supplied through a single 
switching system located in the control room. Hence in, an emergency all 
power can be manually shut down, instantaneously.
The electrical services and equipment apart from the lighting
are not flame-proof, the cost of such a system being prohibitive.
3.1.3 Equipment Details
The basic flow diagram of the small-scale reforming unit is 
shown in Figure 3.3. It can be devided up,into six sub-systems:
(1) Hydrogen supply system.
(2) Hydrocarbon supply system (including the preheating section).
(3) Reactor.
(4) Sampling system.
(5) Gas and liquid recovery system.
(6) Control system (not shown in Figure 3.3).
Photographs of the main equipment and control panel are shown
in Figures 3.4 and 3.5. A detailed list of the equipment in Figure 3.3 
(excluding the reactor, GLC and control system) ia shown in Table 3.1, 
Where the manufacturers name is not mentioned, the unit was designed 
and built in our own department.
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The raw materials used during the experiments are all
commercially produced, details of which are shown in Table 3.2.
1 "
The pipework used throughout the unit is O.D. half-hard 
quality copper. Connections are made with compression fittings, the 
two main types used are Ermeto High Pressure and Hoke Gyrolock 
Couplings. Wherever heat is used the system and associated pipework 
is stainless steel with appropriate couplings.
All the designs and equipment used conform to the appropriate 
British Standard and Manufacturers specifications.
3.1.3.1 Hydrogen Supply
The hydrogen supply system provides not only the feed hydrogen, 
but also the system pressure. The feed hydrogen pressure regulator is 
capable of supplying à large flow-rate at a constant set pressure.
Small traces of oxygen in the hydrogen feed were removed by passing it 
over palladised asbestos. Since no means of metering the moisture 
content was available, it was decided to dry the hydrogen by passing it 
over type 4A molecular sieves which were periodically regenerated. The 
hydrogen supply system was permanently connected to three standard cylinders 
in parallel. This ensured a reasonably constant supply pressure over a 
long period of time even at the higher pressures and gas flowrates. It 
is essential to maintain the total system pressure at a constant level 
since pressure fluctuations cause perturbations in the steady state 
which can effect the whole behaviour of the reaction system.
3.1.3.2 Hydrocarbon Supply
The hydrocarbon supply system consists of two graduated glass 
burettes supported in a protective metal frame. The C^-naphtha 
mixture is dosed with a C^-naphthene (e.g. methylcyclopentane) on a 
volume-volume basis. Dosages used were approximately 5-7%. A 
hydrogen blanket is maintained over the mixture to prevent absorption 
of oxygen, nitrogen and excessive moisture all of which can have
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detrimental effects on the catalyst bed performance. On leaving the 
burettes the feed hydrocarbon mixture was dried using silica gel and 
was cooled in an acetone/dry ice cooling unit prior to entering the 
metering punç>. Initially a water-cooled heat exchanger unit was used 
to pre-cool the feed, but considerable difficulties were encountered in 
maintaining a constant pumping rate in spite of the fact that the liquid 
in the burettes provided a very reasonable pressure head on the input 
side. After a thorough investigation of the liquid system it was 
decided that the primary cause of the inconsistant pumping rate was 
vapourlocking of the light hydrocarbon feed in the pump-head. The 
acetone/dry ice system has cured this problem to a large extent, however 
a better system for future work would be the use of a 'chilled* water 
cooled punp-head.
The hydrogen and hydrocarbon feeds meet at a T-piece before 
the preheater. The liquid is then carried under gravity into the 
preheater where vapourization occurs prior to entering the reactor.
Flash calculations revealed that at 35.5 Bar abs, the feed is totally 
vapourized at -150°C. The preheater temperature is controlled using 
the thermocouple situated between the preheater and reactor. A tape 
heater set at a low voltage was also used to maintain the temperature 
in the section of pipe between the preheater and reactor. The 
combination of the two heaters enabled a reactor entrance temperature 
of around 270°C.
3.1.3.3 The Reactor
A detailed diagram of the main reactor assembly is shown in 
Figure 3.6 and the photograph Figure 3.4.
The reactor consists of a 50 mm I.D. stainless steel tube 
flanged at both ends, the flange gaskets being lead seals which proved 
to be most effective at the high temperatures and pressures.
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The reactor is designed as an up-flow reactor since it was 
considered that the endothermie reactions would be the most important 
and an up-flow system would aid the axial temperature profile.
The bottom flange is connected to a pedestal, which supports 
the catalyst bed in the central section of the reactor tube. The main 
reactor tube is large enough to support different catalyst bed sizes and 
configurations. The maximum allowable single bed length, from which
axial temperature and concentration profiles can be taken is 380 mm.
This is equivalent to a catalyst bed volume of >750 ml.
The reactor has been equipped with a maximum of eleven axial
sampling ports, positioned as shown in Figure 3.6. In the same axial 
plane there is at least one (sometimes three) axially placed chrome 1- 
alumel thermocouples. Both the thermocouples and sampling ports are 
positioned a distance approximately ~  d^, (d^ E tube diameter) from 
the wall in an attençt to obtain the mean of the temperature and 
concentration at the particular axial position. This is shown in 
Figure 3.7.
The heat supply to the reactor is in the form of electrical 
tape heaters, wound directly on to the main reactor tube. The 
heating unit is divided into six sections, partly for control and load 
purposes and partly because, according to the reactor manufacturers the 
units used are only commercially available in the sizes shown. An 
excess of power was provided so that the system could operate at a low 
voltage (protecting the heater coils) with considerable standby power 
available if needed.
The flange at the top of the reactor incorporates a water 
cooled bursting disc assembly which automatically vents the system 
if the pressure rises above the preset limits. The bursting disc 
assembly consists of a machined stainless steel orifice ring clanged 
with an 0.002" nickel and an 0.002" PTFE disc. When exposed to pressure 
the disc assembly forms a bubble in the orifice, the shape and size of
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which is determined by the machining of the orifice ring. It is the 
machining process which alters the bursting pressure for a given set 
of discs.
The catalyst bed is installed via the top of the reactor and 
removed by releasing the bottom flange.
The void beneath the catalyst bed support pedestal is a pre­
heating section which remained empty throughout the experiments.
Ideally it should be packed with some form of inert solid to enable 
more effective preheating and flow profiles. However the reactor 
design is such that this section is extremely difficult to pack except 
with something like an inert gauze.
The main reactor, as described, was designed and developed 
within the department. Help with the mechanical aspects of the design 
was provided by Messrs. Baskerville and Lindsay Ltd. who constructed 
the basic unit.
The vent system to which all outlet gas lines and venting lines 
are connected, carries the unwanted gases out of the laboratory to a 
distance of approximately 40 metres away, where they are deposited into 
the atmosphere. This system reduces the concentration of hydrogen and 
hydrocarbons in the hazardous area immediately surrounding the underground 
laboratory.
3.1.3.4 Sampling System
The purpose of the sampling system is to provide small, 
accurate and similar sized samples to the gas liquid chromatograph 
(GLC).
The system devised is shown in Figure 3.3 and the photograph 
in Figure 3.4. The couplings between the reactor sample ports and the 
solenoid valves are hollowed out and contain small stainless steel 
sintered filters to prevent fouling of the sampling system. Each 
sample port is connected to the common system by a high temperature 
normally closed solenoid valve. Both the electrical coils and the
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valve seals are capable of operating in a temperature environment of 
200°C and for safety the valves operate via a 15V D.C. power supply.
The single precision needle valve through which all samples 
must pass is constructed of stainless steel and can be preset such that 
it will pass minute flows of gas with very large pressure drops 
across it. Hence a steady sample flow out of the reactor can be 
achieved by activating any one of the solenoid valves.
The tubing used in the sampling system is stainless steel, 
the two sizes used are:-
1 II . 1 1
' (a) O.D., —  I.D.
O M  I II
(b) I  O.D., ^  I.D.
The net result of using such small bore piping is that the 
total internal volume of the sanpling system prior to the precision 
needle is <4 ml.
The extra solenoid valve not attached to a sampling port, is
connected to the main hydrogen supply system and is used for flushing
out the sampling lines prior to taking a sample. Since the flushing 
3"line clears the —  tube, which contributes almost 3^ ml of the internal 
volume, it can be seen that the theoretical 'dead' volume is <{ ml.
Thus for a sample flow of approximately 50 ml/mm the likely inaccuracies 
caused by hydrocarbons retained in the dead volume, are negligible.
The pipework and valves are enclosed in a purpose built.-oven 
which is attached to the side of the reactor and is shown in the 
photograph. Figure 3.4. The side of the oven is removable (as in 
photograph) and. provides easy access for maintenance. During operation, 
the oven was maintained at a temperature of 150°C to prevent lique­
faction of the hydrocarbon mixture prior to depressurization and 
'flooding' with nitrogen.
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I'Jhen a sample passes through the precision needle valve a 
considerable drop in pressure down to near atmospheric occurs. The 
sample is then flooded by warm nitrogen (approximately 5/1 ratio 
N^/sample), the upstream pressure of nitrogen being 30 p.s.i.g. The 
nitrogen plus sample mixture flows out of the oven through a small bore 
1 "-yg- O.D. tube to the GLC for analysis. At this stage the hydrocarbon 
partial pressures are so low that liquefaction in the pipework to the 
GLC does not occur.
The oven is constructed out of 1" thick asbestos and oven 
cement. The heating Section consists of a ducted air fan system 
with a 2KW heater. A constant bleed of nitrogen is supplied to the 
oven to create an inert nitrogen blanket atmosphere.
The actual sample for analysis by the GLC is taken using a 
manually operated constant volume sampling valve.
3.1.3.5 Gas and Liquid Recovery ex Reaction
Once the reforming mixture has passed through the reactor, it 
is desirable to liquefy and separate out most of the hydrocarbons.
This was achieved by first passing the mixture through a 
water-cooled heat exchanger. Liquid hydrocarbons formed in the heat 
exchanger fall under gravity, along with the vapour mixture, into a 
dry-ice cooled separating vessel (see Figure 3.3).
The gas which is removed from the top of the separating,.vessel 
contains almost exclusively hydrogen, the main hydrocarbons present 
being small concentrations of light-hydrocarbons• The effluent was 
periodically tested for hydrocarbons on the GLC.
The effluent gas mixture is depressurized using the exit 
pressure regulator. ■ This regulator and needle valve arrangement is 
also used to control the gas flow through the system.
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The relatively small gas flows (900 1/hr) and the high pressure 
sometimes caused problems with maintaining a steady gas flow because the 
needle valves and the exit regulator diaphram were often in almost the 
shut position. In addition both the valves and regulator were affected 
by deposits of involatile hydrocarbons, often sulphur containing, which 
over a period of time resulted in partial blockages. This problem 
was largely overcome by frequent maintenance.
After depressurization the gas flow is measured using a dry gas 
meter before entering the main vent line.
The condensed liquid hydrocarbons are removed from the bottom 
of the separating vessel and fall under gravity into the large pressurized 
tank. The use of a large pressurized liquid collecting vessel compares 
favourably with other systems for removal of liquid hydrocarbons because 
it can be emptied at relatively infrequent intervals when the system is 
dormant and the unit cost is low. Its major disadvantage from a safety 
point of view is that it considerably increases the overall system 
volume.
3.1.3.6 Control System
The control system is located in the non-hazardous area and 
is entirely electrical in nature. A photograph of the main control 
panel is shown in Figure 3.5.
The preheater section and three sections of the reactor are 
controlled using thermocouples and four Eurotherm proportional band" 
controllers with thyristor drives. The top section of the reactor 
is controlled using a thermocouple and a Fielden bang-bang type 
proportional band controller in combination with a Varlac voltage 
regulator. All the controllers are operated on low voltage to ensure 
constant temperature profiles at steady state and to protect the 
heaters.
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The sampling system solenoid valves are operated using the bank 
of on/off switches shown on bottom left of panel (see Figure 3.5). The 
switches are connected to a single transformer which produces the 15V D.C. 
necessary to operate the valves. All the valves can be operated 
independently or in combination.
Also included in the bank of switches are the emergency 
switching systems to:-
(a) Shut down the hydrogen supply, by activating the ’normally- 
open’ solenoid valve in the hydrogen line (see Figure 3.3).
(b) Shut down the hydrocarbon supply by switching off the pump.
(c) Manually vent the system, by activating the ’normally-closed’ 
solenoid valve (see Figure 3.3).
The thermocouple readings determining the temperature profiles 
are measured using a Pye potentiometer with cold junction in combination 
with two banks of Cropico multipoint switches.
The sampling oven temperature was controlled using a thermo­
couple and a Sunvic energy meter.
The auxiliary heater between the preheater and reactor was 
operated at low voltage using a Variac voltage regulator in 
combination with a Sunvic energy meter.
3.1.4 Sample Analysis
Reactor samples were taken into the GLC via a constant volume 
sampling valve and were analysed using a Pye-Unicam Series 104 gas 
liquid chromatograph (fitted with a flame-ionization-detector (FID) 
head) in combination with a Honeywell precision integrator and a 
Telsec chart recorder. An MS 10 mass spectrometer was also used in 
the initial stages to identify peaks and to ensure that the GLC system 
was effectively separating the hydrocarbon mixtures.
Specific literature references to the type of separation 
column to be used for a system of this nature are relatively 
uninformative since most researchers use capillary columns usually with
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squalane as the stationary phase. The classical separations of full- 
range motor gasolines achieved by Sanders and Maynard^^ using a 
200-foot squalane capillary column and temperature program is a prime 
example of such a system.
Unfortunately a high flow capillary system was unavailable.
The low flow system used consisted of a glass column packed with 
30-80 mesh celite supporting a mixed stationary phase of squalane and 
dinonyIphthalate.
The choice of the mixed stationary phase was made after 
experimenting with different combinations under different flow and 
oven temperature conditions. One aspect of the column investigation 
which proved to be of considerable interest was the method of mixing 
the stationary phases. This can either be done by mixing the phases 
prior to deposition on the celite or by preparing discrete column 
packings and physically mixing the solids (cf. bifunctional catalyst 
comprising of discrete and compounded pellets). , It was found that 
identical columns prepared by the two methods possessed different 
separation properties. This is presumably because the chemically 
mixed column is prepared using a competitive adsorption technique, hence 
altering the distribution of the stationary phases on the solid surface.
Resolution times of key components could also be altered by 
changing the weight % of the different stationary phases adsorbed on 
the celite. This facility enables difficult separations to be achieved.
This particular aspect of GLC technology is not well-documented 
and a closer examination of mixed phase systems could well be an 
interesting topic of future research.
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Table 3.3 details the GLC operating conditions and the properties 
of the column chosen to analyse the hydrocarbon mixtures from the reactor.
It consists of physically.mixed stationary phases, mixed on a 50/50 weight % 
basis. Using this column a reasonable resolution of a sample containing 
Cj-Cg hydrocarbons was achieved in approximately 20 minutes.
3.2 The Spinning Basket Reactor
3.2.1 Theoretical Considerations
The catalyst bed in a spinning basket reactor is held in a wire 
mesh basket, which is attached to a stirrer unit rotating at high speed 
inside a reaction chamber. In the ideal situation, such equipment 
provides a well-mixed reactor operating with uniform gas and catalyst 
conditions with an absence of concentration and temperature gradients 
across the catalyst bed.
97This type of reactor was first proposed by Carberry and it 
has subsequently been used by a number of researchers in different fields
of catalysis. General reviews of different reactors of this type have
98 99been presented by Choudhary and Doraiswamy and by Bennett et al
Doraiswamy and Tajbl^^^ also discuss rotating basket gas-solid reactors
in a review of laboratory catalytic reactors.
According to Brisk et al^^^ some of the benefits of a spinning
basket reactor for studying reaction kinetics are as follows:-
(a) High speed rotation causes the gas phase to be perfectly mixed, 
hence the bulk gas concentration is identical in all parts of 
the reactor as well as being the concentration over the surface 
of the catalyst.
(b) At steady state the inflowing reactant vapours are instantaneously 
mixed with the recirculating gases in the reactor. Similarly 
the outflowing gases are representative of the bulk concentration 
in the reactor, hence the reaction rate is dependent on the
bulk concentration.
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(c) High gas recirculation rates over the catalyst surface reduce 
interfacial resistances, thus enabling high rates of mass and 
heat transfer between the catalyst and bulk gas phase. Hence 
the rate of the catalytic reactions which take place will be 
chemically controlled.
(d) Ideally good heat transfer between the reacting gases and the 
reactor wall enables the reactor to be operated under isothermal 
conditions.
(e) Catalyst particle size can be varied over a moderate range 
without causing any alteration in the gas transport 
characteristics.
(f) The small size of the reactor chamber ensures a short time- 
constant system, minimizing the settling time when changing 
experimental conditions.
These beneficial capabilities of rotating basket reactors have 
been closely examined and certain limitations of the system have been 
noted. Brisk et al^^^ characterized their spinning basket reactor
system by examining the effects of stirring speed on:-
(i) Heat and mass transfer rates.
(ii) Mixing in the gas space using various catalyst particle
sizes.
They concluded that the following constraints apply when using a stirred 
gas-solid reactor:-
(I) The catalyst bed temperature cannot be measured directly.
This temperature can only be estimated using a correlation 
based on the measurable fluid temperature and the stirrer 
speed.
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(2) The mixing characteristics of the system are heavily dependent 
on the internal reactor design, e.g. baffling arrangements as 
well as, to a lesser extent, on the particle size. Therefore 
general characterization of the mixing properties is not 
possible.
(3) If experimental design criteria are used, these must be 
based on the outlet conditions rather than the inlet 
conditions.
(4) A knowledge of any homogeneous reactions occurring con­
currently with the heterogeneous reactions is necessary.
(5) Experimentally determined yield and conversion data cannot
be compared directly with tubular reactor results. In the
simplest cases, the data can be integrated using a plug-
flow reactor model to obtain a valid comparison.
102Pereira and Calderbank have studied mass transfer in an
unbaffled spinning basket reactor using spherical particles. '
103Rouleau et al have studied the kinetics of the vapour-
phase dehydrogenation of cyclohexane over a palladium catalyst in a
continuous rotating basket reactor operating in the temperature range
482-644°F and total pressures of 1-4 atmos. Assuming total kinetic
2 1control, Hougen-Watson type rate models were developed for the direct 
conversion of cyclohexane to benzene. These models were conçared using 
both linear and non-linear regression techniques.
3.2.2 Equipment Details
The spinning basket reactor used in this work was linked to the 
same hydrogen supply and gas/liquid recovery systems as outlined earlier 
for the packed bed reactor (Chapter 3).
The reactor itself is almost identical to the one conceived 
by Brisk et al^^^, details of which are shown in Figures 3.8 and 3.9.
The main difference is the addition of a stirring shaft purge which is
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connected to the feed supply and provides a positive bleed flow down the 
shaft (approximately 1-5% of the total gas feed). This helps to prevent 
the deposition of polymeric reaction products on the shaft which would 
otherwise seriously affect the stirring rate and eventually cause shearing 
of the magnetic drive.
The reaction chamber has a total volume of approximately 40 cm 
and contains vertical baffles to improve the mixing characteristics.
The catalyst basket used in this investigation was the cruciform type 
shown in Figure 3.9.
A flow diagraA for the complete unit is shown in Figure 3.10, 
the key to each piece of equipment is described in Table 3.4.
The hydrocarbon supply is controlled by passing the hydrogen 
feed (excluding the shaft bleed) through a saturator which is immersed 
in a temperature controlled water bath, hence the feed gases contain only 
1-2% hydrocarbon. This hydrogen/hydrocarbon ratio is unrealistic in 
terms of the commercial operation (cf. 4:1), however for this investigation 
a low hydrocarbon concentration has considerable advantages:-
(a) Eliminates problems of vapourization and liquefaction before 
and after the reactor.
(b) Reduces the likely endothermie heat requirement (cf. for 
MCP^BZ, AH - 50 Kcal/mole).
(c) Assuming coiq)lete saturation of the hydrogen, the hydrogen/ 
hydrocarbon ratio of the feed mixture is constant for a fixed 
total pressure and saturator temperature. Only pure 
hydrocarbons (e.g. MCP, n-Hex) were used during the 
experiments.
The reactor preheater consists of two cartridge heaters 
inserted in a solid aluminium block which surrounds the feed pipes.
The preheater temperature is controlled using an energy meter in 
conjunction with a temperature gauge.
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The main reactor oven is a standard GLC type oven with a range 
of 0-500°C and a built-in temperature control unit. In fact the maximum 
temperature attainable in the reaction chamber using this method of 
heating was approximately 460°C due to the inefficient and slow method 
of heat transfer and the endothermicity of the reforming reactions. By 
the time this limitation was recognised, it was not possible to purchase 
new equipment.
The spinning rate of the catalyst basket is controlled using 
a constant power unit in conjunction with a rev-counter. This type of 
control system relies on a fixed physical resistance to stirring in 
order to achieve constant revolutions, hence the importance of 
preventing deposition of involatile products on the stirrer shaft. 
Rotation speeds of 2500-3000 revs/min were used throughout the 
investigation.
Sandies were taken using a constant bleed needle valve 
situated after the reactor. The GLC sampling and analysis (via the 
constant volume sampling valve), was the same as for the packed bed 
reactor sangles (see Section 3.1.4).
The reactor temperature was measured using two stainless 




DISCUSSION OF THE EXPERIMENTAL RESULTS FROM THE PACKED BED REACTOR
4.1 Planning of Experiments
When considering the layout of an experimental program it is 
important to minimize the number of experiments to be performed with a 
view to the information required. If this is not done, then the end 
result could well be a conglomeration of virtually useless data which 
cannot be correlated to the objectives of the project and would therefore 
be a waste of time, materials and money.
Specific mathematical techniques such as orthogonal/factorial 
experimental designs are now well established methods of obtaining 
large amounts of information about a particular parametric system by 
undertaking a minimum number of experiments. Such experimental 
designs, however, rely on the fact that firstly, it is possible to 
control a parametric system at a particular point in the response 
surface and, secondly something is known about the sensitivity, 
stability and performance of the equipment which the particular response 
surface represents.
Since this research program essentially deals with the design, 
construction and initial operation of a piece of relatively complex 
experimental equipment, it was decided at this initial stage not to 
undertake a mathematically based experimental design until something 
was known about the particular operational techniques and weaknesses.
Therefore, the experimental program was based on the 
classical approach of investigating one parameter at a time whilst 
attempting to keep the remainder constant. It will be seen that 
this approach revealed certain limitations in the system with regard 
to control and general performance.
The following parameters can be investigated relatively easily 
in the packed bed reactor system outlined in Chapter 3:-
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(a) Bed temperature including the axial distribution of temperature.
(b) Total reactor pressure.
(c) Space velocity.
(d) Hydrogen partial pressure.
(e) Hydrocarbon partial pressure.
The catalyst bed configuration can also be studied. This type 
of investigation includes changing such factors as:-
(i) Bed size.
(ii) Dilution of the reforming catalyst with inert pellets of the 
same geometric configuration.
(iii) Geometric configuration of the catalyst particles.
(iv) The type and metallic loading of the bifunctional reforming 
catalyst.
(v) Multiple beds with interstage heating.
In general the experimental program concentrated on examining 
the effects of variation in the process parameters for a specific catalyst 
bed because frequent changes of bed configuration were both physically 
difficult and expensive in terms of catalyst consumption.
The experimental results are presented as follows
(a) The results are categorized according to the type of catalyst 
used and the bed configuration.
(b) For each bed configuration the results are divided into 
sub-sections based on the variation of key process parameters 
such as temperature, total pressure, space velocity etc.
4.2 Initial Experiments Using the Diluent Catalyst
It was decided at an early stage that an inert solid would be 
required for a number of reasons:-
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(i) To provide a final preheating and flow distribution section
prior to entering the catalyst bed.
(ii) To enable adjustment of the height of the catalyst bed in the
reactor tube such that the sampling ports were suitably placed,
(iii) To physically dilute the reforming catalyst and reduce the rate
of conversion with axial position in the bed. This is common 
practice in investigations involving large heats of reaction 
because it enables a reasonable temperature distribution in 
the bed.
(iv) To provide an inert section between catalyst beds. In the
case of endothermie reactions, such a section would effectively 
act as an interstage heater. This type of bed configuration 
was not used in this research program but it was a consideration 
for future use, in the design and construction of the equipment. 
The diluent catalyst used, was an inactive extruded alumina
11I 1" . .in the form of x —  cylindrical pellets which was prepared 
for use in the reforming unit in exactly the same manner as the actual
reforming catalysts (see Section 1.5). It is referred to as a diluent
or inert catalyst in the sense that it does not catalyse reforming 
reactions such as MCP->-BZ.
This supposition, of course, had to be tested by passing the 
hydrogen/hydrocarbon mixture over a bed of the inert catalyst (bed 
size - 500 ml) at reforming conditions.
The first set of experiments using the undosed naphtha are 
shown in Figures 4.1 and 4.2 (Run Nos, 1 and 2). These results at:- 
Total Reactor Pressure = 29.3 Bar
Hydrogen Flow = 550 1/hr. (atmos. press., 20°C)
Hydrocarbon Flow = 0.94 1/hr (atmos. press., 20°C)
show that the degree of thermal cracking increases as the reactor 
temperature is increased. However, there is no direct evidence to
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suggest that the bed of alumina has had any catalytic effect on the cracking 
reactions.
Similar experiments using the naphtha dosed with approximately 
6% MCP are shown in Figures 4.3-4.5 (Run Nos. 3-5). In these experiments 
both reactor temperature and pressure were varied at approximately constant 
hydrogen (800 1/hr) and hydrocarbon (1.2 1/hr) flows. Once again the 
effects were virtually negligible and it was therefore concluded that the 
diluent catalyst was, in fact, inert to all reforming reactions. N.B. It 
may of course be argued that most reforming reactions could not take place 
over a monofunctional alumina catalyst, however no attençt was made to 
prepare a bifunctional catalyst using this alumina.
4.3 Experiments Using 0.75% Platinum/Alumina Reforming Catalyst
The next logical step after testing the diluent catalyst was to
install a bed of reforming catalyst and once again test the naphtha
alone before dosing it with MCP.
The bed configuration consisted of approx. 100 ml of diluent
alumina followed by 250 ml of 0.75% Pt/Al^O^ reforming catalyst, with
another 150 ml of diluent to finish. The results of the first series of 
runs using undosed naphtha are shown in Figures 4.6-4.8 (Run Nos. 6-8). 
N.B. The initial 100 ml diluent is not shown in the graphs, i.e. the 
point corresponding to bed length = 0 cm, is the entry to the bed of 
reforming catalyst. In Runs 6-8 the mean reactor temperature was 
varied (350,450,550*^0) at approximately constant pressure and flow 
conditions:-
Total Reactor Pressure = 28.3 Bar 
Hydrogen Flow = 750 1/hr
Hydrocarbon Flow = 0.93 1/hr
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It should be noted from earlier discussions of the reactor design 
(Section 3.1.3.3) that there are twelve solenoid valves in the sampling 
oven (see Figure 3.3). These consist of one valve for hydrogen flushing 
and a valve attached to each of the eleven sampling ports, labelled 
valves 2“ 12 in Figure 3.6. In Figures 4.6-4.8 the valves correspond to 
the following catalyst bed positions:-
Valve Number 12 11 10 9 8 7 6 5 4 3 2
Bed Length (cm) 0 1 5 8 11 15 19 22 25 29 33
In fact, valve 12 is actually situated in the initial section of diluent 
alumina. However, the initial experiments (Run Nos, 1-5) showed that 
the extent of reaction in this section was minimal. Therefore, it can 
be assumed that the sanqple composition at valve 12 is a reasonable
representation of the feed composition on entry to the bed of reforming
catalyst.
A number of observations can be made from the results in 
Figures 4.6-4.8:-
(a) There is no evidence of significant formation of C^'s from the 
lower paraffins. This means that the naphtha can be considered 
as an inactive mixture when dealing with the development of 
suitable reaction models for the system.
(b) The profiles in Runs 7 and 8 are erratic due to pumping 
difficulties. This is particularly noticeable in Run 8 where
the liquid feed was lost altogether just before the sample was 
taken from valve 6. The cause of the pumping failure at
this stage was a combination of gland leakage and vapour-locking
due to the volatility of the pentane mixture in the warm weather. 
The precooling section prior to entering the pump head was 
installed as a result of these difficulties.
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(c) The sampling technique used throughout this research program
was to scan the bed with samples ex. valves 12,10,8,
6,2 followed by valves 11,9,7,5,3. These two scans provided
a method of checking whether steady state conditions were 
retained throughout the duration of a run. The results in 
Figure 4.7 are a perfect demonstration of fluctuating 
flowrates causing an unsteady state condition in the catalyst 
bed.
(b) In spite of the hydrocarbon feed problems, there is considerable
evidence of crocking of the pentanes to light hydrocarbons.
The heat release due to these exothermic reactions should prove 
to be invaluable when the highly endothermie reforming reactions 
are introduced. Thus it appears that the naphtha can be 
used successfully as a cheap means of reducing hydrogen/ 
hydrocarbon ratios as well as providing heat to compensate 
for the endothermicity of the reforming reactions.
The next series of experiments involved passing a dosed naphtha 
mixture (-'7% MCP) over the bed of reforming catalyst. The results of 
these runs are shown in Figures 4.9-4.11 (Runs 9-11). The mean pressure 
for this series was 29 Bar and the hydrogen arudL hydrocarbon flows were 
kept as constant as possible.
Comparison of Runs 9 and 10 show that as the mean temperature 
was increased from 400-^500*^C, the amount of BZ produced from the MCP 
increased dramatically from O.B+3.5 weight %. When the temperature was 
further increased to ^550°C in Run 11 the catalyst appeared to be rapidly
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deactivated and the amount of BZ produced fell to approximately 0.5 weight % 
This deactivation was confirmed by the results of Run 12 at — 450°C in 
Figure 4.12 in which the BZ production was almost undetectable and the 
extent of most of the other reactions was also minimal.
In spite of this deactivation of the reforming catalyst a 
number of interesting observations can be made:-
(1) The catalyst in this bed configuration is highly active to 
reforming reactions, the maximum conversion of MCP to BZ at 
500°C being 47.5% (Figure 4.10, valve 10).
(2) Variable catalyst activity yand/or hydrocarbon pumping rate 
made it difficult to obtain smooth concentration profiles.
(3) There is definite evidence, particularly in Figure 4.10, that 
BZ, once formed, subsequently reacts to other products.
Consider the classical model for BZ formation from MCP:-
Pt Pt




CH ---- ^ CH ^ ^  BZ
One possible explanation for the decline in the BZ concentration 
is that equilibrium is first of all reached between MCP and BZ, 
then as the remaining MCP is converted to the C^ paraffins the 
reaction scheme is reversed to maintain the equilibrium.' From 
the BZ profile this reverse reaction would appear to be very 
slow. The only other explanation for the BZ decline is that 
it is cracking to paraffins (or other light products) by 
another unknown route which of course may in itself be reversible, 
i.e. it might also contribute to the BZ production. This 
suggestion is pure speculation at this stage since there is no 
evidence of any intermediates in such an alternative route.
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(4) The reaction from MCP->-BZ is very fast as shown by the very 
steep slope of the BZ profile on entry to the bed of reforming 
catalyst.
(5) The initial slopes of the paraffins profiles are quite steep 
indicating a fast rate of reaction. If n-Hex is assumed to
be the primary ring opening product from MCP, then the isomerization 
reactions to 2MP (the primary isomer) and 3MF must be 
considerably faster than the MCP^n-Hex reaction. It is 
impossible from these results to compare accurately the rates 
of the MCP-»"BZ and MCP+n-Hex reactions.
(6) In spite of the considerable endothermicity of the MCP-»BZ 
reaction (-*50 Kcal/mole), the initial temperature profiles 
in the catalyst bed do not show a decline, i.e. the heat 
supply from the reactor wall + the exothermic heat from cracking 
reactions appears to be compensating for more than the endo­
thermie heat loss. This situation is acceptable because it 
allows the endothermie reaction sequence to proceed to fruition 
whereas, if a sharp decline in temperature was experienced,
(i.e. a cold spot), the endothermie reaction sequence would 
slow down and eventually cease. This would be undesirable
in a competitive reaction scheme because it would give a 
false impression of the individual rates of reaction and 
catalyst selectivity.
(7) Only minute traces of CH were found. The C H ^ ^ B Z  equilibrium 
under these conditions is heavily in favour of BZ as discussed 
in Section 2.4. The CH and MCP peaks were the last to appear 
from the GLC spectrum. These peaks were generally quite flat 
and, at low concentrations, fairly difficult to separate 
accurately. Therefore, for simplicity, the two fractions are 
combined under the name MCF” unless otherwise stated.
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4.4 Experiments using 0.375% Platinum/Alumina Reforming Catalyst
A different catalyst bed configuration was chosen for this 
series of experiments in an attenpt to reduce the rapid rate of 
conversion of MCP on entry to the bed, experienced in Runs 9 and 10.
The configuration used consisted of 100 ml of diluent alumina followed 
by 400 ml of a 2/1 mixture of diluent and reforming catalyst pellets 
(physically mixed). In addition the reforming catalyst used contained 
a lower platinum loading (0.375% Pt compared to the 0.75% Pt used in 
Section 4.3).
As in the pre^vious experiments the feed hydrocarbon consisted 
of the C^ naphtha dosed with approximately 7% MCP.
The experimental program using this catalyst bed was extensive 
and can be divided up as follows
(a) Variation of Reactor Temperature.
(b) Variation of Total -Reactor Pressure.
(c) Variation of Hydrocarbon Partial Pressure.
(d) Variation of Hydrogen Partial Pressure.
The results obtained, form the major part of the research program using 
the packed bed reactor.
4.4.1 Variation of Reactor Temperature
The concentration profiles for this set of runs, at various 
reactor temperatures in the range 300-525°C, are shown in Figures 4.13- 
4.18 (Run Nos, 13-18). Fluctuations in the other ’constant’ process 
conditions are shown in Table 4.1 for each mean reactor temperature.
The results clearly show that as the temperature is increased 
the catalyst becomes more active to all types of reactions, however the 
amount of benzene produced even at the higher temperatures is considerably 
less than in Run 10 (Figure 4.10) using the undiluted 0.75% Pt/AlgO^ 
catalyst. The probable reasons for this are:-
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(a) The 0.375% catalyst is less selective with respect to the 
aromatization reactions.
I (b) The result of physically diluting the reforming catalyst[
I is to increase the range of space velocities under
I examination, because there is less ’active catalyst*
I per unit volume of bed (reference definition of LHSY
1 Section $.1.1), whilst retaining similar linear flow
I conditions. Hence, the conversion of MCP to various
I products might be limited by the concentration of
i  active sites resulting in a reduced rate of conversion.
, The restricted BZ production over the 0.$79% catalyst
 ̂ can only be explained in this way if the concentration
I
, of active acidic sites is limiting.
The lack of production of BZ is reflected in the general shape 
of the temperature profiles. There is evidence, particularly in 
Runs 16-18, of a considerable exothermic heat release on entry to the 
bed which is not compensated for by the endothermie production of 
benzene.
As mentioned in Section 4.3, the valve sequence for taking 
samples was:- 12,10,8,6,11,9,7, (valves 5,4,3,2 were above the 
catalyst bed). The results in Figures 4.16-4.18 show that the 
concentration profiles from the 12,10,8,6 sequences tend to differ from 
those obtained from the 11,9,7 scans, i.e. the steady state conditions 
in the bed appear to be altering as the run proceeds (average run time = 
4-6 hrs.). Apart from fluctuations in flow conditions, the most likely 
explanation for the unsteady concentration profiles is variable catalyst 







(1) Initial Region of High Activity.
(2) Region of Constant Activity.
(3) Region of Permanent Deactivation.
It is possible that the region of constant activity may not have been 
reached although part of the bed preparation procedure included passing 
a C^-naphtha/hydrogen mixture through the system for ^2 working days 
before commencing the actual experiments.
Throughout the investigation the constant parameters, in 
particular flowrates, varied by approximately ±3% from the mean (see 
Table 4.1). Such differences should be taken into account when 
comparing compatible valve positions for the different experiments.
Another assumption made is that changes in velocity due to temperature 
variations are negligible.
The conversion profiles from MCP to the respective C^ compounds 
are shown in Table 4.2. At higher temperatures (>400°C), cracking 
reactions to light products (<C^) become significant particularly with 
increasing residence time. This causes the conversion profiles of 
the C^ paraffins to pass through maximum values. The actual positions of 
the maxima are uncertain because the profiles are very flat. In general, 
however, it appears from Figures 4.15-4.18 that the higher the temperature 
the earlier the maxima. N.B. There is very little evidence in this 
series of experiments of the BZ concentration declining with increasing 
residence time in the bed.
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Assuming constant flow conditions the catalyst selectivity with 
respect to BZ production from MCP may be expressed in two ways:-
BZ Conversion Isomerization
g _ ___________________________________  _________Reactions_______
^ MCP Conversion - BZ Conversion Rate of Cracking
(b) =
Reactions
BZ Conversion Rate of Isomerization Reactions
B MCP Conversion Total Rate of Reaction
The numerator effectively represents the conversion to BZ 
because the quantities of CH and CH” (the only other isomerization 
products from MCP) are minimal. Values for the selectivities are 
outlined in Table 4.3 along with some other product ratios. In 
general, selectivity increases with temperature, but the treiid with 
respect to space velocity (decreasing valve number) is uncertain.
The following observations can be made about the values of the 
other product ratios shown in Table 4.3.
(i) The BZ/MCP ratio increases with increasing temperature and
with increasing space velocity. The increase with respect
to temperature can be explained by considering the
equilibrium constant for the MCP^F^BZ reaction.
_ V . ;
SiCPf±BZ P.MCP
For a large and constant hydrogen partial pressure, the 
variation in the value of the equilibrium constant effectively 
depends on the ratio ^g2^^MCP’ addition, since the
reaction is endothermie, the equilibrium favours BZ formation 
as temperature is increased. The increase in Pg2^^MCP 
respect to space velocity is explained by the cracking of MCP 
to C^ paraffins and light products at higher space velocities. 
It might be expected that, as residence time in the bed 
increases (at constant temperature), the ^g2^^MCP
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would reach a constant equilibrium value and remain there. This, 
however, does not occur, the most likely reason being that the 
reverse reaction(s) to MCP is very slow (as discussed in 
Section 4.3).
(ii) The ratios between theC^ paraffin isomers 2MP/3MP, 2MP/n-Hex and 
n-Hex/3MP do not show any distinct trends with respect to 
temperature. As discussed in Section 2.1, the heats of 
reaction for paraffin isomerization reactions are generally 
small and therefore it would be expected that the equilibria 
are relatively insensitive to temperature. Changes in the 
ratios with increasing residence time are more distinct, 
especially at lower temperatures. It would appear that the 
isomerization reactions are reasonably fast and that by 
valve 10/9 the isomers are often in equilibrium. The 
results are, however, clouded at higher temperatures by 
instabilities in the concentration profiles the reasons for 
which have been discussed earlier in this section.
4.4.2 Variation of Reactor Temperature at a Lower Hydrocarbon 
Partial Pressure
The aim of this short investigation is to attempt to reduce
the instabilities in the concentration profiles at higher temperatures
by approximately doubling the hydrogen hydrocarbon ratio. The results
are shown in Figures 4.19-4.20 (Runs 19-20). Mean values for the-
’constant' process parameters are;-
Reactor Pressure = 28.9 Bar
Hydrogen Flow = 36.6 moles/hr
Hydrocarbon Flow = 3.26 moles/hr
Hydrocarbon Partial Pressure = 2.36 Bar
In general the concentration profiles are more consistent than in
Figures 4.17-4.18. Comparing Figures 4.18 and 4.20 (roughly
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equivalent reaction temperatures), a number of observations can be made 
about the effects of reduced hydrocarbon partial pressure
(i) The conversion profiles for MCP are almost identical. This 
is a slightly surprising result as the effect of reducing 
the hydrocarbon flow is to reduce the range of space 
velocities (Ref. LHSV definition Section 3.1.1), i.e. 
increasing the amount of catalyst/unit volume of 
hydrocarbon.
(ii) The BZ profiles reach approximately the same maximum level, 
however in Figure 4.20, there is a marked reconversion of BZ 
to other products.
(iii) The concentration profiles of the C^ paraffins compare in
shape, but the overall level of production is lower at reduced 
hydrocarbon partial pressure due to increased cracking 
to light products.
The results of this investigation showed that the lower hydro­
carbon partial pressure did reduce instabilities in the concentration 
profiles and therefore it was decided to operate in this region in the 
ensuing investigations (where applicable).
A mean reactor temperature of 510°C was also chosen as the 
constant temperature parameter. It was considered at the time that 
a higher temperature would have detrimental effects on the catalyst 
activity.
A further thorough investigation of the effects of varying 
hydrocarbon partial pressure is discussed in Section 4.4.4.
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4.4.3 Variation of Total Reactor Pressure
If the molar flowrates are kept constant, then variation of 
total reaction pressure maintains the molar ratio between hydrogen and 
hydrocarbon at a constant value although the actual values of the hydrogen 
and hydrocarbon partial pressures are changing. The results of this 
investigation at approx. constant H^/HC ratio are shown in Figures 4.21-4.24
(Run Nos* 21-24) and Table 4.4. N.B. Run 19, Figure 4.19 also forms
part of this investigation and should be considered in the sequence of 
figures between Figures 4.21 and 4.22. Maintaining constant feed rates 
at the different pressures proved to be a very difficult task and the 
changes in the 'constant' process conditions were as follows:- 
Mean Temperature = 508°C (±1%)
Mean Hydrocarbon Feed = 3.18 moles/hr (±1%)
Mean Hydrogen Feed = 36.8 moles/hr (±5%)
Mean Hydrogen/Hydrocarbon Ratio = 11.6 (±6%)
If the results of each experiment are considered independently, 
then the concentration profiles in the bed are very similar to many of
the previous experiments discussed in this chapter. However, when
analysed as a set, an obvious relationship based on changing reactor 
pressure at constant Hg/HC ratio is difficult to perceive. E.g. An 
apparent anomaly is the shape of the concentration profiles in Run 24 
(Figure 4.24) at - 1̂7 Bar. The primary reason for these differences 
is that the level of cracking to light products is almost negligible 
by comparison with the other experiments. The net effect of this 
apparent change in catalyst performance is to promote the hydrocarbon 
reactions, in particular the aromatization of MCP->-BZ. This change is 
further emphasised by examining the BZ conversion profile for Run 24 in 
Table 4.5, 48% conversion to BZ at the bed exit, and the values for the 
BZ selectivities in Table 4.6.
It is, of course, well known that reduced hydrogen partial 
pressures promote aromatization and inhibit hydrocracking (Ref.
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Section 1.3.2) however, a more gradual change was expected.
The change in catalyst selectivity can also be noticed in 
the shape of the temperature profile in Figure 4.24. In the runs 
at higher pressures the predominant exothermicity of the cracking 
reactions caused the temperature profile to pass through a maximum at 
the entrance to the bed. In Figure 4.24 the endothermie aromatization 
of MCP^BZ balances any exothermic heat release resulting in an almost 
flat profile.
A final point of note concerning the results in Figure 4.24 
(Run No. 24), is the apparent change in catalyst activity during the 
run. A closer examination indicates that the probable anomalies are 
valves 10 and 8 in the sampling sequence 12,10,8,6,11,9,7. If the 
catalyst activity is assumed to be initially high, then a higher rather 
than lower BZ conversion would be expected. Therefore the erratic 
results may be due to other factors such as variable hydrocarbon pumping 
rate or hydrogen flowrate, either of which might have caused unsteady 
state conditions in the bed.
Very little information can be derived from the other 
experiments in this series and in general, the results obtained are of 
limited significance. Apart from the difficulties encountered in 
maintaining steady process flow conditions, one of the reasons for the 
lack of correlation might be that too many major parameters are varying 
simultaneously:-
(a) Total Pressure.
(b) Hydrogen Partial Pressure.
(c) Hydrocarbon Partial Pressure.
(d) Linear Velocities.
I.e. although the space velocity and residence time at each valve 
position remain constant, the flow profile in the bed is changing with 
pressure. Since mass transport conditions in the bed are dependent
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upon the linear velocity, it seems likely that the results are influenced 
to a variable extent by axial and radial dispersion which might even 
result in a change in the rate controlling step of certain reactions.
Alteration of linear velocity cannot be avoided if pressure 
variation is the parameter under investigation. However, it is possible 
to vary the hydrogen and hydrocarbon partial pressures independently by 
suitable adjustments of the total pressure and relevant molar flowrate.
4.4.4 Variation of Hydrocarbon Partial Pressure
The object of this investigation was to study the effect of 
varying the hydrocarbon partial pressure on the MCP/BZ equilibrium and 
to provide data for later investigations into suitable kinetic models.
(see Chapter 7). Hydrocarbon partial pressures in the range 0.5-5.5 Bar 
were investigated at a mean reactor temperature *505°C (±0.3%), hydrogen 
partial pressure*^30.1 Bar (±4%) and hydrogen flowrate * 3 6 . I moles/hr 
(±4%). The experiments were carried out over a period of a few weeks 
and difficulties were encountered in setting up the ’constant’ flow 
conditions for each experiment. The reasons for these problems were 
twofold: firstly, the liquid feed flows from the metering punp were
inconsistent due to gland leakages and vapour locking; and secondly, 
balancing of the hydrogen flow controller and pressure controller 
(Ref. Figure 3.3) to specific values proved to be a difficult task.
These operating problems largely explain the inconsistencies in the 
results displayed in Figures 4.25-4.31 (Run Nos. 25-31) and Tables 4.7-4.9 
Nevertheless, some general observations can be made from the Tables and 
Figures. As hydrocarbon partial pressure is decreased:-
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(1) The level of BZ production decreases.
(2) The rate of conversion of MCP increases.
(3) The level of production of the C^ paraffins passes through a 
maximum before declining at lower HC partial pressures.
(4) Conversion to cracked products increases.
All of these trends are synonymous with each other, the level 
of cracking being the major influencing factor. At high hydrocarbon 
partial pressure where cracking is slight, the primary products from 
MCP are BZ followed by the C^ paraffins and the concentration profiles 
reach a maximum in the region of valve 8, 11 cm into the catalyst bed
(Ref. Figures 4.25-4.27). Reduction in the hydrocarbon partial pressure 
results in increased cracking in the early part of the bed and a sub­
sequent reduction of the C^ products. Hence the maxima in the 
concentration profiles successively occur at earlier intervals in the 
bed, 11 c m ->• 6 cm (Ref. Figures 4.28-4.31).
The values for the equilibrium ratio BZ/MCP in Table 4.9 show 
that BZ is readily formed while there is an excess of MCP and equilibrium 
is probably reached at some instant. However, the reverse reaction is 
very slow and equilibrium is not maintained.
In the case of the C^ paraffins, it appears that at higher 
hydrocarbon partial pressures, equilibrium between the isomers is 
probably reached by valve 10 (e 5 cm of catalyst bed). This equilibrium 
is then roughly maintained throughout the rest of the bed. Approximate 
values for the various ratios are:-
(b) #  = 1 . 6 4
(c) = 1 . 4 0
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This series of runs did not produce data of suitable quality 
for further, more specific analysis. Repeat experiments could not be 
attempted due to a temporary shortage of MCP feedstock and the system 
was shut down.
4.4.5 Variation of Hydrogen Partial Pressure
This investigation was the second phase of the proposal outlined 
at the end of Section 4.4.3, namely to vary the hydrogen and hydrocarbon 
partial pressures independently, and study the effects on the MCP/BZ 
equilibrium. The range of hydrogen partial pressures studied was 
16-36 Bar and mean values for the ’constant’ parameters were;- 
Temperature = 506°C (±0.3%)
Hydrocarbon Partial Pressure = 3.04 Bar (±3%)
Hydrogen Feed = 39.8 moles(hr (±3%)
Note that the flowrate adjusted both in this investigation and in the 
investigations at constant hydrocarbon partial pressure, was the liquid 
hydrocarbon feedrate. The main reason for this is that the hydrocarbon 
flow was the smaller of the two flowrates (H^/HC ratio 4-»-l 1 ) and 
therefore changes in the total molar flowrate through the bed were 
minimized. The main argument against changing the hydrocarbon flow­
rate is that the molar hydrocarbon load/unit time on the catalyst bed 
is varying. This might be critical in a situation where active catalyst 
sites are at a premium, i.e. the rates of reaction to the various 
products are dependent upon the competitive adsorption of the feed-- 
components and intermediates.
The results of this investigation are displayed in Figures 
4.32-4.38 (Run Nos. 32-38) and Tables 4.10-4.12. (N.B. Run 36 is
incomplete due to a punçing failure.) Comparison of the concentration 
profiles show that as the hydrogen partial pressure is reduced, the 
production of BZ increases and the amount of cracking decreases. This 
is in accordance with expected trends outlined in Section 1.3.2. The
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effect of the reduction in cracking is clearly shown in the shape of 
the profiles, the maxima of which, progress up the bed as the 
hydrogen partial pressure is decreased.
The increased BZ production and reduced cracking is further 
demonstrated by:-
(a) The trends in the selectivity profiles (Ref. Table 4.12), 
which increase steadily for each valve position. (N.B.
Run 38 is listed separately at the end of the ’pressure 
sequence’ because of difficulties in maintaining the 
’constant’ process conditions.)
(b) The change in shape of the temperature profiles, (Ref. 
Section 4.4.3).
(c) The BZ/MCP ratio (Ref. Table 4.12), which decreases with 
hydrogen partial pressure at constant space velocity.
There is no indication that equilibrium is maintained 
between BZ and MCP at any stage. This is due to the large 
difference in the rates of the forward and reverse reactions, 
Examination of the C^ paraffin ratios suggest that, as in
Section 4.4.4, equilibrium between the isomers is reached and in many 
cases roughly maintained. Mean values for the ratios are:-
(a) 2MP/n-Hex = 1.30
(b) 2MP/3MP = 1.80
(c) n-Hex/3MP = 1.38
Paraffin isomerization reactions should be largely uninfluenced by the 
hydrogen partial pressure since there is no overall volume change on 
reaction and therefore the same equilibrium ratios should be expected 
whatever the pressure. These values compare well with the ones 
estimated in Section 4.4.4 which confirms that the isomers are in 
equilibrium except at the bed entrance or when cracking is very severe,
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4.4.6 Further Investigation of Hydrogen Partial Pressure
The purpose of this additional series of experiments was to 
provide suitable results for the kinetic modelling study in Chapter 7 
as well as to confirm the trends discussed in Section 4.4.5. The 
experiments were carried out at, a higher mean hydrocarbon partial 
pressure, 4.26 Bar compared to 3 Bar in Runs 32-38 and therefore the 
results should also reflect the trends in hydrocarbon partial pressure 
discussed in Section 4.4.3. Hydrogen partial pressures in the range 
12-32 Bar were investigated at a mean reactor temperature *504^C (±0.8%), 
hydrocarbon partial pressure *4.26 Bar (±5%) and hydrogen flowrate 
*38.7 moles/hr (±2%). It can be seen immediately from the ±5% variation 
in hydrocarbon partial pressure, that great difficulty was experienced in 
maintaining the correct hydrocarbon flow. The reason for this was that 
the experiments were carried out during a very hot spell and although 
the pump settings were correct according to the calibrations the flow­
rates were inconsistent, presumably due to intermittent vapour-locking. 
This fact probably contributes more to the instabilities in the results 
shown in Figures 4.39-4.45 (Run Nos. 39-45) and Tables 4.13-4.15, than 
variable catalyst activity (as discussed in the earlier sections in this 
Chapter). These control problems, which have plagued the research 
program for much of the time, need to be resolved before attempting 
any future experimental work. This is particularly important if 
mathematical planning techniques such as those described in Section.4.1 
are adopted. Possible solutions such as a chilled water cooled pump- 
head accompanied by continuous 24 hr operation have already been 
discussed in earlier sections.
The levels of production of BZ and the paraffins in Figures 
4.39-4.45 are slightly deceptive because of the unusually large 
variation in the MCP content of the hydrocarbon feed. Table 4.14 
shows the conversion to the C^ products from MCP and it can be seen
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that the results of Run 43 are slightly anomalous due to low conversion
of MCP. In general, the same trends are apparent as discussed in
Section 4.4.5 and, as expected, the level of conversion to BZ is higher
at the increased hydrocarbon partial pressure
e.g. Run 42 P» = 22.4 Bar, P„„ = 4.2 Max BZ = 44.7%HC conv
Run 35 P„ = 20.1 Bar, P„„ = 3.0 Max BZ = 25.2%HC conv
No equilibrium is apparent from the BZ/MCP values in Table 4.15, 
however, as in Sections 4.4.4/5, there is evidence of established 
equilibrium between the C^ponxffin isomers (Ref. Table 4.15). Mean 
values for the equilibrium ratios are:-
(a) 2MP/n-Hex - 1.28
(b) 2MP/3MP = 1.90
(c) n-Hex/3MP - 1.45
These values compare favourably with those estimated in the two previous 
sections. The equilibrium between n-Hex4r^2MP is much more stable than 




DISCUSSION OF THE EXPERIMENTAL RESULTS FROM THE SPINNING BASKET REACTOR
5.1 Planning of the Experimental Program
In Chapter 3 the limitations of reactor temperature and hydrogen/ 
hydrocarbon ratio of the spinning basket unit were discussed. However, 
this reaction system also has many practical advantages such as;-
(a) The ability to reach steady state in a reasonably short time 
after a change in operating conditions (*40 mins).
(b) The small size of the catalyst bed (cf. quantity of catalyst 
required for 'an investigation) and the ease with which the 
bed can be changed.
(c) The ease with which the type of hydrocarbon feed can be 
changed.
(d) Lower consumption of both hydrogen and hydrocarbons (cf. running 
cost).
This versatility meant that for different types of catalyst and 
feed hydrocarbon, the following reaction variables could be investigated;-
(1) Reactor Temperature (up to the limit previously discussed in 
Chapter 3).
(2) Total Pressure.
(3) Volumetric Flowrate (at constant hydrogen/hydrocarbon ratio).
(4) Hydrocarbon Partial Pressure (limited range determined by the 
saturator temperature).
(5) Spinning Basket Rate.
Of these, the spinning rate was not varied because the main 
objective of this initial investigation was to study the reforming 
reactions rather than the mixing characteristics of the reactor.
Therefore a reasonably high, constant stirring rate was chosen with a 
view to obtaining mass transfer free data for use in kinetic analysis
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(Ref. Chapter 6).
The experimental program was geared to looking at the reforming/ 
cracking reactions associated with MCP as the main feed hydrocarbon.
In the latter stages, to assist the development of a suitable reaction 
model for the C^ reforming reaction sequence, a series of experiments 
were undertaken using n-Hex as the hydrocarbon feed. It was also planned 
to extend this particular aspect of the study to include 2MP and 3MP feeds, 
However difficulty was experienced in obtaining quantities of 2MP and 3MP 
of sufficiently high purity and the consignments arrived too late to 
include in the experimental program.
Another aspect of this investigation was to compare the 
performance characteristics of different commercial reforming catalysts.




(c) Pt-Ra/AlgOg Bimetallic bifunctional catalyst
Comparable experiments were carried out for each catalyst using MCP as 
the feed hydrocarbon.
Catalyst pellet size and configuration were not studied. There 
is no doubt that an investigation of catalyst geometry and spinning rate
would be an interesting excercise from a mass transfer point of view.
However for an MCP feed the analysis of results would be extremely 
difficult due to the complex and uncertain nature of the reaction 
kinetics.
5.2 Experiments Using a Methylcyclopentane/Hydrogen Feed
The results in this section are presented as follows:-
(a) Experiments are categorised according to the type of
catalyst used.
(b) For each catalyst the results are divided into sub-sections
based on the variation of key parameters; e.g. reactor
temperature, pressure, flowrates etc.
>
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Similar experiments using different catalysts cannot be 
directly conçared for catalyst performance unless a suitable basis 
is found for the comparison. The reason for this is that the spinning 
basket catalyst bed is always considered to have fixed volume equivalent 
to the reactor chamber volume of 40 ml. Possible alternatives are:-
(1) Rate/unit pellet volume.
(2) Rate/unit pellet weight.
(3) Rate/unit weight of Pt component in the catalyst.
For each catalyst, the effects of volumetric flowrate
variations were primarily examined at constant temperature and pressure. 
The main reason for this was to provide residence time dependent data 
for the computational work outlined in Chapter 6. The residence time 
data was based on the constant reactor chamber volume of 40 ml.
5.2.1 Initial Experiments Using 0.75% Platinum/Alumina 
Reforming Catalyst
In this first series of experiments a mean set of reaction
conditions were chosen and then each parameter was varied in turn. The
aims of this part of the investigation were twofold:-
(1) To study the chemical reactions.
(2) To see whether reproducible results could be achieved by 
attempting to maintain a tight control over the reaction 
conditions.
The mean process conditions chosen were:- 
Reactor Temperature 390°C 
Reactor Pressure 25 Bars
Gas Flow 480 1/hr
(N.B. 390°C might seem to be an odd temperature at first sight, however
at the chosen pressure and flow conditions it corresponded to a control 
setting for the reactor oven of 400°C.)
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5.2.1.1 Variation of Reaction Temperature
It was during this series of experiments that the upper 
temperature limitation of the reactor oven was fully realized, 470°C 
being the maximum attainable reaction temperature for the given 
pressure and flow conditions.
The results in Figure 5.1 show an almost constant BZ production 
throughout the temperature range with a tendency to decline at higher 
temperatures. This is contrary to the results obtained for this 
temperature range in the packed bed reactor (PBR), where BZ production 
increased with increasing temperature (see Section 4.4.1). This 
difference can probably be explained by the low hydrocarbon partial 
pressure and the different flow conditions. The production of 2MP, 3MP 
and cracked products increased with temperature which agrees with the 
PBR results (Ref. Section 4.4.1).
The values obtained for the n-Hex conversion and selectivities 
in Table 5.1 can be explained by examining the exact composition of the 
MCP feed and the definition of the net conversion, and the selectivities
Sg.
A gas liquid chromatography analysis of the MCP feed indicated 





to % mole because the MWt’s 
are virtually identical.
= . ftecL
The small quantities of n-Hex and MCP in the^are a problem 
when considering the conversion with respect to MCP to the various 
products; e.g. for any component A the net conversion is defined as;-
(Mole % A) - (Mole % A)
---------- (Mole % ----- --
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n-Hex MCP = = ±  MCP BZ
Obviously in certain situations negative values for the net n-Hex and 
MCP conversions can occur. For example, a negative value of the 
n-Hex conversion can occur in two ways :-
(i) For zero production of 2MP, 3MP and CR (<C^ paraffins) the 
reaction n - H e x M C P  can be biased in favour of MCP 
production (see Table 5.1, the first two experiments).
(ii) Where all products are formed, the overall rate of conversion 
of n-Hex to other products is greater than the n-Hex 
production (mainly from MCP), e.g. see Table 5.1, 5^^ experiment
It may be argued that case (i) is a special aspect of case (ii),
however it is important when considering the possibility of obtaining
unusual values for the selectivities as defined in Chapter 4. The
selectivities for BZ production from MCP were defined as:-
XX g _ _________ BZ Conversion__________  _ Rate of Isomerization Reactions
A MCP Conversion - BZ Conversion ~ Rate of Cracking Reactions
(■u\ q _ BZ Conversion _ Rate of Isomerization Reactions
B MCP Conversion ~ Total Rate of Reaction
If case (i) prevails then can be negative because the net 
conversion to BZ is greater than the net conversion of MCP to all.- 
products. In a similar manner would be >1.
Another explanation to the problem is to postulate that BZ is 
produced via more than one route; e.g. from n-Hex. However, this 
suggestion is pure supposition.
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One way of eliminating the unusual values for and is to 
redefine them such that MCP, MCP and n-Hex are considered to be reactants, 
interconversion between them being ignored:- 
e.g.
g* _ Conversion of Reactants to BZ
Conversion of Reactants to Other Products
Cb) S* = Conversion of Reactants to BZ 
B Total Conversion of Reactants
5.2.1.2 Variation of Total Pressure
The effect of varying the total reactor pressure without 
altering the hydrocarbon saturator temperature, is in fact to alter 
the hydrogen partial pressure.
Over the range investigated the overall conversion of MCP to 
the various products decreased with increasing pressure (see Figure 5.2 
and Table 5.2). The conversion of MCP to BZ, however, was the least 
affected by the increasing hydrogen partial pressure, this fact being 
clearly demonstrated by the increase in the selectivity.
The overall MCP conversion is relatively low due to the low 
temperature, the degree of cracking to light products (<Cg) being 
particularly small (0-2% of the total conversion over the pressure 
range).
An interesting feature of the results in Table 5.2 is the net 
n-Hex conversion which is again negative (Ref. Section 5.2.1.1). n-Hex 
is usually considered to be the primary ring-opening product from MCP, the 
poraffinic isomers 2MP and 3MP being formed after the ring-opening reaction 
e.g. the reaction model might be of the form:-
2MP 
3MP
n-Hex ==±r MCP ==fc BZ
The conversion to 2MP and 3MP, particularly at lower pressure 
forms a large proportion of the overall MCP conversion with rapid 
reconversion of n-Hex once formed. If n-Hex is the only C^ paraffin
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produced directly from MCP then this reaction is obviously slow by 
comparison with the paraffin isomerization reactions (Ref. Section 4.3). 
The ratio 2MP/3MP shows that 2MP, the primary branched isomer is 
preferentially formed, this preference becoming more distinct at higher 
pressures where the overall conversion to C^ paraffins is reduced.
5.2.1.3 Variation of Flowrate
An important assumption when considering the variation of the 
total flowrate at constant pressure is that the hydrogen entering the 
reactor is always saturated with the feed hydrocarbon, i.e. the 
hydrogen/hydrocarbon ratio remains constant. Preliminary tests were 
carried out to test this assumption and the results proved to be 
satisfactory.
The results in Figure 5.3 and Table 5.3 show that as linear 
flowrate decreases (i.e. the residence time in the reaction chamber 
increases), the overall conversion of MCP to the various products 
increases. The increase in the 2MP fraction is the sharpest with the 
n-Hex conversion being marginally negative except at the lowest flowrate. 
i.e. for the reaction model as outlined in Section 5.2.1.2, the reaction 
MCP+n-Hex is again shown to be slow with the izomerization reactions to 
2MP and 3MP being quite fast. Similarly, 2MP was found to be the primary 
isomer and was preferentially formed at higher flowrates. This agrees 
with the results discussed in Section 5.2.1.2.
The reaction MCP->-BZ is fast compared to MCP-hi-Hex. This 
accounts for the increasing selectivity with flowrate.
5.2.1.4 General Discussion of Initial Experiments
The standard experiment at the mean conditions outlined at the 
beginning of this section was carried out three times during the initial 
investigation. The key results of each repeat experiment are shown 
pictorially in Figure 5.4. The major anomaly in the results is the
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large increase in the benzene production (hence selectivity) during the 
gas flowrate investigation. There is no obvious explanation for this 
change except to suggest a catalyst activity change. The three sequences 
of experiments were carried out on different days and such an activity 
change could have taken place overnight between experiments (Ref.
Chapter 4, the unit was kept hot with a small hydrogen bleed overnight).
MCP was not detected at any stage during these experiments 
even at the higher temperatures. In the classical reaction sequence:-
MCP MCP^
1 k _ _ ̂ CH ^ BZ
the isomerization reaction MCP ? ^ C H  is usually considered to be the 
rate controlling step, i.e. some MCP would be expected. Lack of MCP 
may indicate that the dehydrogenation reaction MCP^^MCP" is in fact 
rate controlling.
5.2.2 Further Experiments Using 0.75% Platinum/Alumina
Reforming Catalyst
In this section three sets of experiments were carried out at 
a higher reaction temperature of -'445°C:-
(a) Variation of Pressure.
(b) Variation of Flowrate.
(c) Variation of Flowrate at a Reduced Hydrocarbon Partial
Pressure.
5.2.2.1 Variation of Total Pressure
In addition to the reaction temperature increase, the total 
flowrate was increased to 775 1/hr (34.6 g moles/hr) compared to 
480 1/hr in Sections 5.2.1.1/2. The aim was to prevent excessive 
formation of C^ paraffins and cracked products at the higher temperature 
The experimental results are shown in Table 5.4 and Figure 5.5. If the 
profiles in Figures 5.5 and 5.2 are compared, the effect of the increased 
temperature and flowrate can immediately be seen. The differences can
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be sunmarized.as followsr-
(a) The level of conversion of MCP to all products has increased, 
although at the higher temperature, the actual conversion 
changes very little with pressure.
(b) The overall production of BZ is higher and there is a more 
noticeable increase in the conversion as the pressure is 
reduced. However, in Tables 5.5 and 5.2 the selectivities 
follow a different profile with respect to pressure. This 
is almost certainly due to the increased production of C^ 
paraffins and^cracked products at the higher temperature.
(c) Although the overall production of the C^ paraffins is higher 
in this series, the trends with respect to pressure are 
different. The 2MP profile passes through a shallow maximum 
at '^9 Bars and the n-Hex and 3MP profiles decline with 
pressure. The decline of all three at lower pressures is 
due to the increased production of cracked products.
(d) MCP appears in significant quantities at the higher 
temperature and the amount decreases with pressure.
Consider the traditional route for the conversion of MCP to
BZ:-
Pt
MCP - MCP + H
1 " A
= Pt CH **BZ + 2H^
At high H^ partial pressures there is a tendency for the hydrogen 
to inhibit the production of BZ, this inhibition decreasing with pressure. 
The reaction step which is being inhibited must be MCPq^CH since no CH 
is detected in the product spectrum. Alternatively it is inhibiting 
the desorption of CH from the acidic alumina.
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5.2.2.2 Variation of Flowrate
The reactor pressure for this set of experiments was held constant 
at '-28.3 Bar, i.e. a slightly higher pressure than in the experiments in 
Section 5.2.1. The aim was again to prevent excessive production of the 
paraffins and lower cracked products. The results are outlined in 
Table 5.5 and the product profiles with respect to changing flowrate are 
shown in Figure 5.6.
If Figures 5.6 and 5.3 are compared the effect of the increased 
reactor temperature on the level of MCP conversion can again be seen. 
Although the profiles a^e similar, however, the levels of conversion of 
the various products are different. More specifically, the production 
of C^ paraffins and lighter products has increased whereas BZ production 
has declined. It should be noted however that the BZ production in 
Figure 5.3 is unusually high as discussed in Section 5.2.1.4.
As in Section 5.2.2.I,MCP appears in the GLC analysis of the 
product mixture, the amount produced is roughly constant over the range 
of flowrates examined.
The selectivities, S^ and S^, in Table 5.5 are approximately 
constant with respect to changing flow. These results do not agree 
with the results in Section 5.2.1 .2 but can again be explained by the 
anomolous BZ production in the earlier experiments.
5.2.2.3 Variation of Flowrate at Reduced Hydrocarbon Partial 
Pressure
The purpose of this minor investigation was to see if a small 
reduction in the hydrocarbon partial pressure would produce a noticeable 
effect on the reaction profiles discussed in Section 5.2.2.2. It is 
worth noting again that the hydrocarbon partial pressure in all the 
spinning basket reactor experiments is only a small percentage (~1%) 
of the total pressure, i.e. any reduction in hydrocarbon partial 
pressure may be relatively insignificant with respect to the overall 
system.
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The results of the experiments are shown in Table 5.6 and 
Figure 5.7, the estimated hydrocarbon partial pressure being reduced 
from 0.147 Bar to 0.116 Bar. Comparison of the profiles in Figures 5.7 
and 5.6 shows that the two sets of results are very similar both in 
terms of the relative positions of the various compounds in the product 
spectrum, and the actual values at a specific flowrate. The slight 
differences are:-
(a) The BZ profile declines at lower flows in Figure 5.7 probably 
due to cracking.
(b) The level of E2 and MCP production is greater at high flow- 
rates in the case of reduced hydrocarbon partial pressure, 
e.g. see selectivities in Tables 5.6 and 5.5.
(c) The overall level of production of C^ paraffins is about the
same in both cases, however the C^ isomer distributions are
slightly different (see Tables 5.6 and 5.5, the ratios
2MP 2MP n-Hex V 
3MP’ n-Hex’ 3MP
(d) The onset of cracking to light ends occurs at a higher 
flowrate at reduced hydrocarbon partial pressure.
In general, it appears that the limitations of the equipment 
with respect to hydrocarbon partial pressure are too great to enable any 
significant changes in product distributions.
5.2.3 Experiments Using 0.375% Platinum/Alumina Reforming 
Catalyst
In this second series of experiments the aims were as follows
(1) To study the effects of reduced platinum loading in the 
reforming catalyst.
(2) To obtain suitable data for use in mathematically based 
kinetic modelling investigations described in Chapter 6.
(3) To investigate further the effects of flowrate and pressure 
on the MCP/Hg reaction system.
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For this purpose four discrete sets of runs were carried out at 
four different reactor pressures. At each pressure the gas flow was 
varied over a similar range, all other system parameters being held 
approximately constant. The mean reactor temperature for the whole 
investigation was 462°C ±1.5%. As noted in the equipment discussion, 
accurate control of the reaction temperature was severely handicapped 
by the inefficient and slow method of heat transfer.
The results of the investigation are shown in:-
(a) Reactor Pressure 16 Bar - Table 5.7 and Figure 5.8
(b) Reactor Pressure 23 Bar - Table 5.8 and Figure 5.9
(c) Reactor Pressure 29 Bar - Table 5.9 and Figure 5.10
(d) Reactor Pressure 36 Bar - Table 5.10 and Figure 5.11
At a glance the results in Figures 5.8-5.11 are very similar in 
terms of the general shapes of the product profiles and the level of 
production at the various flowrates. The range of flowrates examined 
in this investigation was more extensive than in Section 5.2.2.2,
2-50 moles/hr compared to 18-40 moles/hr.
The main effect of reducing the flow below 15 moles/hr is 
that the concentration profiles of both benzene and the olefins pass 
through a maximum in the flow range 5-10 moles/hr, after which cracking 
to lighter hydrocarbons became the dominant reactions. This type of 
reaction profile was encountered consistently in the tubular reactor 
experiments (Chapter 4) as the residence time in the bed increased.
The packed bed experiments clearly established that benzene is initially 
formed and then subsequently reacts whereas if the evidence was based on 
these experiments alone, it could be argued that benzene is simply not 
produced in such large quantities at low flowrates. The nature of the 
reaction(s) from benzene to other products is again unclear (Ref.
Chapter 4), the two most likely routes being:-
- 99 -
(i) The reverse of the traditional reaction sequence from MCP-»BZ 
followed by ring opening to paraffins.
(ii) Direct ring opening to one or all of the paraffins.
These possibilities are investigated in more detail in Chapter 6.
The product profiles, with respect to flowrate, for the two 
different catalysts (0.375% Pt/Alumina and 0.75% Pt/Alumina) can be 
roughly compared by examining Figures 5.10 and 5.6. The most noticeable 
differences over the flow range 18-40 moles/hr are:-
(a) The distribution of the C^ paraffins, n-Hex as opposed to 2MP 
being the most prominent in Figure 5.10.
(b) The lack of MCP production over the 0.375% Pt/Alumina catalyst.
This particular switch in the distribution of the C^ paraffins did not occur 
when the 0.375% Pt/Alumina catalyst was used in the packed bed reactor 
and therefore it may only be of limited significance. Numerical 
differences, for a mean flowrate of 24 moles/hr, are shown in columns (1) 
and (4) of Table 5.11. (N.B. Experiments in Figure 5.6 were carried
out at ^445°C and 28.3 Bar compared to '~'462°C and 29 Bar in Figure 5.10.) 
More MCP is converted over the 0.375% Pt/Alumina catalyst, but this 
difference could simply be explained by the increased reaction temperature. 
This fact also accounts for the increased cracking to light products. 
However, the differences in both BZ and MCP production could also be due 
to the change in Pt loading on the catalyst.
Before pursuing this particular line of discussion further,
it is worthwhile examining the results in Figures 5.8-5.11 with respect
to reactor pressure. Values for a mean flowrate of 24 moles/hr are 
shown in columns (2)-(5) of Table 5.11 and Figure 5.12.
If the curves in Figure 5.12 are compared for general shape
with the curves obtained in the earlier pressure investigation in 
Figure 5.5, the erratic nature of the conversion to some of the products
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is apparent. This is particularly noticeable in the amount of MCP 
converted and the level of cracking to the lighter hydrocarbons. More 
important, however, is the shape of the BZ curve in Figure 5.12 which on 
paper passes through a minimum whereas in Figure 5.5 it steadily declines 
with pressure. The most likely explanation of this anomaly is variation 
in catalyst activity due to the fact that the series of experiments 
outlined in this section were carried out over a period of approximately 
six weeks whereas the results in Figure 5.5 were obtained in one day.
During a long term investigation the catalyst bed was maintained 
during overnight periods»at -'400°C, with a small hydrogen bleed, and 
during shutdowns at roughly ambient conditions in a hydrogen atmosphere.
It is well known that one of the roles of hydrogen in reforming is to 
’clean-up' the catalyst surface of hydrogen deficient residues which
83otherwise do not desorb and would otherwise block the platinum sites 
It seems likely, therefore, that intervening overnight and start-up/ 
shutdown periods in the absence of a hydrocarbon feed, clean-up the 
catalyst and reverse temporary deactivation that may occur during 
experiments. Obviously the amount of 'cleaning' that occurred was 
largely uncontrollable and therefore it was very difficult to obtain 
consistent and reproducible results over longer periods of time.
In view of this problem of variable catalyst performance it 
seems unwise to postulate with any certainty that the differences in 
BZ and MCP production in Figures 5.6 and 5.10 (negligible MCP ) are_ 
specifically due to the difference in platinum loadings of the two 
catalysts. Therefore, no mathematical comparisons based on the 
catalyst properties are attempted.
In conclusion the results for this series of experiments are 
summed up numerically in Table 5.12. The lack of consistency of the 
trends in the relationships with respect to pressure is again highlighted, 
one of the notable exceptions being the net MCP conversion. Although 
this is largely negative throughout the experimental series, there is a
- 101 -
distinct trend towards a higher MCP concentration in the final product 
as pressure is increased.
5.2.4 Experiments Using a Platinum-Rhenium/Alumina Bimetallic 
Reforming Catalyst
This bimetallic industrial reforming catalyst was supplied on
condition that no attempt would be made to determine the exact metallic
loading of the platinum and rhenium on the alumina. The main purpose
of the experiments using this catalyst, was to compare the reactions
of the MCP/H^ system at different reactor conditions, with the results
obtained using the monometallic catalysts.
It should be noted that the Pt-Re/AlgOg catalyst pellets were
1 " .........................................................
spheres whereas the pellets used in Sections 4.2.1 to 5.2.3 were
1 "  1 "■g ^ o’ cylinders. However, the effects of the different pellet geometry 
are likely to be negligible since interparticle mass transfer is largely 
nullified by the use of the spinning basket reactor.
The format of the experimental program undertaken was very 
similar to that used in Section 5.2.3, except that only three reactor 
pressures were chosen 16,23 and 30 Bar. The results are shown in:-
(1) Reactor Pressure 16 Bar - Table 5.13 and Figure 5.13
(2) Reactor Pressure 23 Bar - Table 5.14 and Figure 5.14
(3) Reactor Pressure 30 Bar - Table 5.15 and Figure 5.15
The mean reactor temperature for all the experiments was approximately 
460°C (±1%) and the hydrocarbon partial pressure was 0.147 Bar, these 
conditions being almost exactly the same as for the experiments in 
Section 5.4.2.
The following observations can be made about the results in 
Figures 5.13-5.15 and Tables 5.13-5.15 compared to earlier experiments 
using monometallic reforming catalysts:-
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(A) The level of benzene production is higher than that achieved 
in Figures 5.8-5.11 using the 0.375% Pt/Al^O^ monometallic 
reforming catalyst, the maximum levels being 5.7+7.4% 
compared to 2.1+4.3% in the earlier experiments. This fact 
is highlighted by the increased selectivities which can be 
seen by comparing the values in Tables 5.16 and 5.12.
(B) MCP does not appear in the product spectrum even at high 
hydrogen partial pressures. The implications of this 
result were discussed in Section 5.2.1.4 (initial experiments 
using the 0.75% Pt/Alumina monometallic catalyst) where it 
was suggested that the dehydrogenation reaction MCPsi^MCP , 
in the classical reaction sequence, might be rate 
controlling.
(C) Cyclohexane (CH), appears in significant quantities in the 
product spectrum for the first time in the overall investigation, 
the concentration level increasing with increasing hydrogen 
partial pressure. As outlined in Section 2.4.1 of the 
reaction C H ^ C H  ̂ f ^BZ at normal reforming conditions is very 
fast (one of the steps in the CH^=*CH~ reaction being rate 
controlling) and the equilibrium is heavily in favour of BZ. In 
previous experiments the concentrations of CH have been too small 
to detect because of the low overall hydrocarbon partial 
pressure. Therefore this shift in the CH/BZ equilibrium, 
represents a significant change in the selectivity of the 
catalyst for this particular reaction. The dependency of the 
CH production on the hydrogen partial pressure is obvious from 
the equilibrium relationship
even when P^^ and P^^ are very small conçared to P^ . Another
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physical influence of increased hydrogen partial pressure may be 
some form of inhibition of the platinum sites but this is pure 
speculation at this stage.
(D) The distribution of the paraffins is the same as for the 
experiments in Section 5.2.3 using the 0.375% Pt/Al^O^ mono­
metallic catalyst, namely n-Hex > 2MP > 3MP. This again 
points towards a difference in the selectivity of the catalyst 
in the pojttffin isomerization reactions.
(E) The degree of cracking on low flowrates (<10 moles/hr) is 
much lower than in Section 5.2.3, particularly at higher
pressure. For this reason only the BZ profiles display
a maximum in Figures 5.13-5.15, the paraffin profiles 
steadily increasing with decreasing flowrate.
Many of the features described in (A)+(E) show that the bimetallic 
catalyst is a much better reforming catalyst than the monometallic ones, 
e.g. higher BZ yield, lower cracking. This of course is entirely expected 
from the discussion in Chapter 1 and the fact that commercial reforming 
processes have now been largely converted to using Pt-R%/Alumina catalysts.
The product profiles in Figures 5.13-5.15 are not as smooth as 
in some of the earlier experiments and it appears that the catalyst 
activity is varying quite considerably over relatively short as well as
longer periods of time. Variable catalyst activity has been discussed
throughout this research program both in experiments with the packed- 
bed reactor and the spinning basket reactor. It might well be that the 
only way of eliminating tençorary activity fluctuations is to run the 
system continuously with a hydrocarbon feed. This might prevent the 
surface of the catalyst from being 'cleaned' by hydrogen and therefore 
might enable more consistent results to be obtained. The major problem 
with this suggestion is making the equipment sufficiently safe enough to 
enable unmanned operation during overnight periods. This would require
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a much more sophisticated control system including fail safe devices, etc., 
which would cost a lot of money. A more viable solution might be to 
operate it in continuous bursts on a shift basis but this of course would 
require additional manpower.
Figure 5.16 shows the results in Figures 5.13-5.15 with respect 
to pressure for a constant flowrate of 24 moles/hr. Comparison of these 
results with the curves in Figure 5.5 show that the BZ profile is very 
similar, but the shapes of the paraffin and CR profiles are largely 
influenced by the variable nature of the MCP conversion (Ref. Figure 5.12 
and Section 5.2.3). ^
Finally, Tables 5.13-5.15 can be summarized as follows. As 
flowrate decreases (i.e. residence time in the reactor increases);-
(1) The selectivities and 8^ decrease.
(2) The ratio 2MP/n-Hex increases.\
? No direct evidence of equilibrium
(3) The ratio n-Hex/3MP decreases./
(4) The ratio 2MP/3MP is constant. i.e. the two isomers might be in
equilibrium (Mean value 2MP/3MP = 
1.51)
These trends are largely in agreement with the flowrate investigations 
using the monometallic catalysts.
5.3 Experiments Using an n-Hexane/Hydrogen Feed
The main aim of this set of experiments was to investigate the
classical n - H e x ^ M C P M C P  CH ir^BZ route from n-Hex to BZ, to see
if the formation of BZ could be explained simply by this mechanism or
whether there is another route to benzene from the C^ paraffins as
discussed in Section 2.2
The investigation was divided into two categories:-
(1) Variation of mean reactor temperature.
(2) Variation of flowrate at reactor pressures of 16, 26 and
36 Bar.
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5.3.1 Variation of Reaction Temperature
The mean conditions for the 'constant' process parameters in 
this series were:-
Total Pressure = 16.2 Bar (±1%)
Hydrocarbon Partial Pressure = 0.16 Bar
Total Flowrate = 7.2 moles/hr (±1%)
Residence Time = 6.1 secs (±1%)
Hg/HC Ratio = 108 (±1%)
The feed hydrocarbon from GLC analysis consisted of 99.58% n-Hex and 0.42% 
MCP.
The reactor temperature was varied over the range 222+467°C and 
the results are displayed in Figure 5.17 and Table 5.17. The results 
obtained are very similar to the earlier experiments with a MCP/H^ feed 
in Figure 5.1 where significant conversion of the MCP feed only started 
to occur at reactor temperatures in the region 350-400°C.
In this case at very low temperatures the only slight reaction 
was partial conversion of the small amount of MCP present to n-Hex.
It is possible however that the effect could be due to GLC error due to 
the tremendous difference in size between the two peaks.
In the main reaction zone 350-470°C, the major reactions were 
the production of the C^ paraffin isomers, 2MP and 3MP, and cracking to 
light ends. From Figure 5.17, this production reaches a maximum at 
430°C after which the concentrations remain constant. The production 
of lighter cracked products (a?Ĉ ) steadily increased with temperature.
The two profiles of major inçortance, as far as this 
investigation is concerned, are the MCP and BZ ones. The MCP profile 
in Figure 5.17 appears to pass through a maximum of 0.72% at'^450^C 
and the BZ production steadily increases from zero at '^410°C to 1.2% at 
467°C. The traditional route from n-Hex to BZ, as discussed in 
Section 2.2, suggests that the dehydrocyclization reaction n-Hex>MCP can
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take place on both the metallic and/or acidic function of the catalyst. 
These results provide definite evidence that this reaction is taking 
place, and there is no evidence to suggest, at this stage, that the 
benzene was produced by any other route.
From the shape of the MCP and BZ curves, it seems reasonable 
to suggest that they are in equilibrium at the various temperatures and 
that the position of the equilibrium is changing with temperature. If 
the heat of reaction is assumed to be constant over the temperature range 
under consideration then from the basic equation:-
^°^10 Kj " 2.303R ^T "
a plot of LogjgK versus —  should give a straight line and AH can be
abs
estimated from the slope. As mentioned in Section 3.3, the equilibrium
constant for the reaction M C P B Z  can be expressed as:-
V , /
" ■ - p —MCP
In this case P„ is very large and virtually constant, therefore variation Hz
of K is entirely dependent upon the ratio ^ b 2^^MCP* Figure 5.18 shows
the plot of Logj^K against — » the slope of which gives a value of
abs
'-50 Kcal/mole for the endothermie heat of reaction. This agrees with 
values quoted in the literature and confirms the hypothesis that the 
MCP and BZ concentrations in Figure 5.17 are in equilibrium.
5.3.2 Variation of Flowrate
The results of the temperature experiments in Figure 5.17 show
that, at'~'450°C, the MCP concentration is at its maximum and there is 
significant production of benzene. The mean reactor temperature in this 
series of experiments was 453°C ±1%, this being the maximum temperature 
attainable at the higher flowrates, and the results are shown in:-
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(a) Reactor Pressure 16 Bar - Figure 5.19, Table 5.18
(b) Reactor Pressure 26 Bar - Figure 5.20, Table 5.19
(c) Reactor Pressure 36 Bar - Figure 5.21, Table 5.20
The general shape of the paraffin and cracked product profiles 
in Figures 5.19-5.21 are very similar. There is some evidence of slight 
variations in catalyst activity particularly in the runs at 26 Bar. The 
most noticeable features, however, concern the BZ and MCP profiles.
Firstly, the BZ concentration declines with increasing pressure 
and at 36 Bar is virtually undetectable. The reason for this can be 
seen by examining the M C P ^ ^ B Z  equilibrium relationship:-
MCP
At constant temperature (i.e. K - constant) an increase in the partial 
pressure will result in a movement of the chemical equilibrium away from 
BZ.
Secondly, as flowrate is decreased at constant pressure the BZ 
concentration increases. The explanation for this lies in the fact that 
the reaction n-Hex+MCP is slow compared to the MCP+BZ reaction and 
therefore an increase in the catalyst bed residence time (reduction in 
flowrate) will result in increased production of MCP followed 
immediately by the conversion of most of the MCP to BZ.
Thirdly, in the 16 and 26 Bar series, the MCP concentration 
passes through a maximum as flowrate is reduced before declining at low 
flowrates (<10 moles/hr). This in itself is not unusual, however, in 
both cases the BZ concentration continues to rise. This inçlies that 
MCP and BZ are not in equilibrium. Examination of the ratios BZ/MCP 
in Tables 5.18 and 5.19 show that the values increase with increasing 
residence time over the whole range of flowrates studied.
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One possible explanation for this phenomenon is that the 
temperature at the catalyst surface is varying with flowrate due to 
the high endothermicity of the MCP+BZ reaction and the poor heat transfer 
in the reaction chamber. This would explain the low values for the 
BZ/MCP ratios at high flowrates.
At the other end of the scale the most likely explanation for 
the high BZ/MCP values is that the reverse reaction BZ+MCP is very slow 
compared to the decyclization reaction MCP+n-Hex. I.e. equilibrium 
cannot be maintained as increasing amounts of MCP are reconverted to 
n-Hex (Ref. Section 4.3). The only other explanation might be that 
there is more than one route to BZ but no evidence has been found to 
substantiate this suggestion.
The results from the experiments using n-Hex as the feed have 
proved to be quite interesting and further work in the future along these 
lines could prove to be beneficial.
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CHAPTER 6
COMPUTATIONAL ANALYSIS OF THE EXPERIMENTAL RESULTS FROM THE SPINNING
BASKET REACTOR
The purpose of this investigation was to develop a suitable 
kinetic model for describing the conversion of MCP to the various 
products under reforming conditions. The method used involved 
calculation of the rate coefficients of the individual steps in a 
reaction model. The criteria for comparing models was that:-
(a) The model should adequately describe the experimental data 
in a mathematical sense.
(b) The model should be chemically feasible.
Data from the spinning basket reactor was used so that the 
results obtained would be largely uninfluenced by diffusional 
limitations.
6 .1 Theoretical Considerations
Consider the simple reaction scheme:-
A
^2
where initially, only component A is present. If the spinning basket 
reactor is assumed to be equivalent to a single CSTR (continuous stirred 
tank reactor), then at steady state, the rate of reaction can be assumed 
to be proportional to the residence time (or space time) in the reactor:-
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Inlet Conditions
Inlet Concn. A = C,
Fraction A  Converted = X. = 0Ao
Inlet Concn. B = C = 0DO
Vol. Flow = V
Mol. Flow A = F,
V
^ A - S ■ ’̂ A
Outlet
Conditions
Reactor Volume = V = Const.I X. = X.A t a
Residence Time = t '̂ Bt ”
V  = V T O
^A - ^AT
Now
Input of A (moles/unit time) = F (1-X ) = F = v C
A A A O AO O O O
Output of A (moles/unit time) = F^ = F^ (I-X^)
o
Disappearance of A by Reaction = ^ moles/unit time
I.e.





where t = residence time
. 21assuming single first order kinetics




"a  ^A ' ^A -^A O o
substituting and rearranging gives;-
<'a  = "a o
or
T o
where [ J = component concentration
[a ] = [a] + T(k2[B]-k,[A] )
T T
In a more complex reaction scheme, a similar equation, based on 
residence time, can be written down for each species giving a set of 
simultaneous equations where everything except the rate coefficients 




- -  M C P ---- MCP'
CH 5 5= rBZ
where CR = all paraffins ̂ C
The equations for each component are:-
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1. [m Cp] = [m Cp] + T(k^[MCP"] + k [cr] - (k +k )[m Cp ] )
T O  X T  T
2. [m CP°] = [m Cp ”] + T(k,[MCp] + k^[cH“] - (k +k )[m CP“] )
T O  T T T
3. [c h”] = [c h”] + T(k^[MCP=] +kg[Bz] - (k +k )[c1t ] )
T O  X T  X
4. [bz] = [bz] + T(kg[cH] - kg[Bz] )
X O X X
5. [cr] = [c r] + x(kg[MCp] - k^[cR] )
X O X X
i.e. 5 simultaneous equations in eight unknowns.
At constant reactor temperature and pressure, the rate coefficients 
should be approximately constant. Therefore, provided a suitable method for 
solution of the equations is found, it should be possible to evaluate the 
rate coefficients for different models and compare the fits obtained.
The solution of the simultaneous equations is not easy, because 
the equations are singular; i.e. direct analytical solution is impossible. 
Therefore, the only way of reaching a solution is by using indirect numerical 
techniques. Other factors which must be taken into consideration when 
choosing the method of solution are:-
(a) Errors in the experimental data, which are likely to cause 
discrepancies in the relationships between the residence time 
and the component concentrations.
(b) The lack of availability of either first or second derivatives,
hence gradient dependent methods are inapplicable.
(c) General ill-conditioning of the response surface which can
cause instability in the analysis procedure.
In view of these potential difficulties it was decided to 
approach the problem from more than one angle in the hope that at least 
one acceptable method of solution be found.
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6 .2 Linear Least Squares Solution
The least squares program used was a 'black box' routine 
selected from the Nottingham Algorithms Group Library (Program No. 
F04AMF) which is available through the South Western Universities 
Conçuter Network. The program gives an accurate least squares solution 
of M  linear equations in N unknowns (M>N) , of the form AX=B where (for 
this application)
(i) 'A' is a two-dimensional real array of dimension at least
(M,N). On entry to the program matrix A  contains an over­
determined system of M  linear equations in N unknowns 
(where M>N).
(ii) 'X' is single-dimensional array (dimension N) which on exit 
from the program contains the solutions of the unknown 
parameters.
(iii) 'B' is a single-dimensional array of dimension at least M  
which contains the righthand side of the equations.
E.g.
for the simple general model;-
k 2
where:-
[a ] - [a] = k^(x[B] ) - kj(x[A] )
X O X X
[b] - [b] = kj(x[A] ) - k 2 (x[B] )
X O X X
For a case where five experiments are carried out at different 
values of x (constants P and T ) , it is possible to set up 10 equations 
(=M) in two unknowns (=N) where the matrices A and B are of the form:-
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-  A o )
( *  T, - = o )
( A x  - A )
1 2
• etc -> Tç 
L. ^ .
and matrix X containing the unknowns is
The method of solution by the program is as follows:-
(a) Matrix A is reduced to upper triangular form, R, by 
applying Householder Transformations'^^, Q, with pivoting so 
that QA = R.
(b) Matrix B is transformed into matrix C by applying the same
transformation matrix such that QB = C.
(c) An approximate solution X is then calculated by back-
substitution in the equation RX = C.
(d) The residual matrix, P = B - AX, is calculated and a correction 
D to X is found by solving the linear least squares problem 
AD=P; i.e. RX=QP.
(e) X is then replaced by X+D and the correction process is 
repeated until D becomes negligible.
In an experimental situation, matrix A is prevented from 
becoming singular by the variable nature of the experimental data.,. 
Obviously the more sets of data used, the less likely the occurrence 
of singularity problems.
For more complex models the system is exactly the same. It 
is just a question of setting up matrices A and B and feeding the data 
into the standard routine.
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6.3 Simplex Procedure for Function Minimization
The algorithm used in this procedure was the one developed by
Nelder and Mead . It can be simply illustrated by considering an
example of the minimization of a function of two variables, X and Y.
Let F(A)->F(C) be function values of the points A(X^,Y^)-^C(X^,Y^) 
which are points in the two dimensional space of the variables X and Y. 
Figure (6.1) is a pictorial representation of the case to be considered.
Suppose F (A) > both F(B) and F(C), then A  can be replaced by
its reflection, E, in D, the mid-point of B and C. If F(E) >  F(B) and F(C)
i.e. point E is not successful, then the simplex is contracted to either 
G or H depending on whether F(A) or F(E) is lower. (N.B. In the 
unusual case that F(G) > F (A) (or correspondingly F(H) > F(E)), the 
simplex is contracted around B or C depending upon which point possesses 
the lower function value.
If F(E) < both F(B) and F(C); i.e. E is a successful reflection, 
then the simplex is extended to point J and A is replaced by E or J 
depending on which of the function values, F(E) or F(J), is lower.
The iteration procedure then continues using points B,C and 
the replacement for A, the simplex distorting in shape according to the 
'terrain' it encounters.
The recommended values for the 'reflection' (ED/DA), 'extension' 
(JA/DA) and 'contraction' (HD/DA E GD/DA) coefficients are 1.0, 2.0 and
0.5 r e s p e c t i v e l y .
A number of standard programs are available, based on this 
algorithm, which will determine the minimum of a user specified function 
of N variables. Two of the best documented were tested for this 
application:-
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(1) Algorithm AS47 (O'Neill 1971)^^^. The original program, 
written by O'Neill at the University of Bath, was subsequently 
investigated by Chambers and Ertel^^^ who suggested a number 
of modifications to increase its reliability and performance.
The program used in this case was the modified one.
(2) Nottingham Algorithms Group Library, Program No. E04CCF. 
(Available through the South Western Universities Computer 
Network).
The main reason for testing the two different versions of the 
same function minimization algorithm was that most optimization procedures 
of this nature are subject to instabilities particularly when multi- 
variable complex functions are being minimized. Some of these 
instabilities might be attributable to the way in which a particular 
author has developed his optimization routine. Therefore the purpose 
of the tests were firstly to see if the two routines produced the same 
results for near identical input conditions and secondly to evaluate 
the capabilities of each program with respect to this particular 
application.
Before using this form of function minimization procedure it 
is necessary to develop a suitable function to be minimized because 
this technique involves an indirect solution of the simultaneous 
model equations rather than a direct solution as described for the 
least squares procedure in Section 6.2.
The choice of function is most important because the 
sensitivity of the function, to parameter changes in the original 
equations, can affect the potential stability and sensitivity of the 
whole minimization procedure.
The usual type of minimization function is one based on 
some form of error technique. The value of the error function entering 
the optimization routine is calculated from the original function
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equations; e.g. consider an original function equation of the form 
(Ref. Section 6.1):-
[m Cp] = [m Cp] + + k^[cR] - (k +kg) [m Cp] )
T O  T T T
For a particular residence time, t ^, |m CpJ can be predicted based on
i
guessed values for the rate coefficients and the actual experimental
concentrations in the right-hand side of the equation. The predicted
and experimental [m CpJ concentrations can then be compared to give
i
an error, at t ^. This error along with those for the other
components (Ref. Section 6.1) can be combined to form an overall error 
minimization criterion which can be used to modify the values of the 
rate coefficients k.
The exact form of the overall error function, for any 
particular model, is also influenced by the relative magnitudes of 
the concentrations of each chemical species because, in practice, 
some species are only present in very low concentrations. Therefore, 
although the absolute error between the predicted and experimental 
concentration of a component may be small, the relative error is large. 
Hence, in order to approach a simultaneous fit for all components, it 
is necessary to develop and unbiased overall error criterion which 
virtually eliminates this order of magnitude problem.
Two approaches were considered, one based on relative 
differences and the other based on a form of logarithmic difference.
6.3.1 The Relative Difference Error Function
The simplest method of expressing the relative error between 
the predicted and actual experimental concentration for each chemical 
species is:-
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C . _ ce _ I experimental estimated
^i ^experimental y
The absolute value is taken to ensure a positive accumulation of errors 
The overall error function can then be expressed in a number of ways:-
(a) F = Z(all the relative errors), e.g.
^ ^ ^ ^BZ S z  •**•
for T = 1 ,i.
(b) F = Z(largest error for each residence time)
i.e. for ten different residence times, the function would 
be the sum of the ten largest errors.
(c) F = Z(the largest error).
In practice method (C), was found to produce the worst fits. 
This is probably because if one particular experimental reading is 
anomalous it might always be the source of the largest error and will 
therefore distort the fit.
6.3.2 The Logarithmic Error Function
For any component, consider the absolute error between the 
predicted and experimental value 
i'G.
e = Abs(C . . . - C .. _ j )experimental estimated
As discussed in Chapter 5, the hydrocarbon content of the
feed to the spinning basket reactor is often < 2 % of the total feed
and therefore, in numerical terms, the concentrations of each component
are likely to be very small and the error values even smaller (i.e.
Log E would be negative). This problem of negative logarithms can 
i
be overcome by multiplying each error value by a large constant (e.g.
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g
Kj = 10 ) before taking the logarithm. (N.B. values of x K ^ <  1.0 
can put to zero prior to taking logarithms, these values being 
insignificant.)
The logarithmic value of each error can be further manipulated 
by raising it to an exponent.
% 2e.g. = log,o(S. X K,)
1 1
Finally as outlined in Section 6.3.1, the overall error function 
can be expressed as;-
(a) The sum of a 1,1 deviations at every residence time.
(b) The sum of the largest deviation at each residence time.
(c) The largest deviation.
In a preliminary investigation, using test data and a model
extracted from internal working papers, the constants Kj and were
varied, all other system parameters being kept constant. The overall 
error function used was type (a), F = Z(all deviations), and the ranges 
of Kj and examined were;-
2  1 0(A) K j = 10^ 10
(B) = 0.1 ^  5.0
The results of this investigation can be summed up as follows :-
(1) Variations in Kj and resulted in the optimization routine 
reaching different minima in terms of both the final minimum 
value of the overall function F, and the values of the fate 
coefficients produced.
(2) The values of Kj and K^ which, after independent investigation, 
gave the lowest minimum were:-
(A) K j = 10®
(B) K^ = 2.0
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At this stage the reasons why the system did not produce the 
same minima, for different K, are unclear. It became clear, however, 
that F can be varied in order of magnitude by changing Kj and K^, and 
that the minimization criterion for solving apparently the same problem 
can be radically altered. As discussed in Section 6.2 the approach to 
the function minimum, using the Nelder-Mead simplex procedure^^^, 
depends on the rate of expansion/contraction of the simplex which in turn 
is controlled by the rate of change and value of the overall minimization 
function. Apparently the differing properties of the overall function 
due to the variations ii\ Kj and effects both the size and shape of 
the simplex, and the direction in which it moves to the minimum.
An investigation of the different error function expressions
(a)-^(c) (for constant K and other conditions) further demonstrated this 
problem of lack of stability. In general, however, the fits obtained 
using the type (a) function, F = Z(all deviations), were the best with 
type (c) F - Z(the largest deviation) failing to converge in some cases.
During these initial studies both optimization routines were tried 
(Ref. Section 6.3) and in both cases different fits were obtained for 
different magnitudies of the overall function values. It was not possible 
to produce identical starting conditions because in the 0 'N e i l l r o u t i n e  
(subroutine Nelsin), the user specifies the starting step lengths of the 
parameters whereas in Nottingham Algorithms Group program (subroutine Nags) 
the starting step lengths are set internally by the program.
6.3.3 Investigations of the Characteristics of Subroutines 
'Nelsin' and 'Nags'
The discovery that both optimization routines, based on the same 
algorithm, produced different answers depending on the starting conditions 
and the magnitude of the overall error function posed problems with regard 
to:-
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(i) The stability of the particular routines and the way in which 
they were set up.
(ii) The stability of the system itself (i.e. the response surface),
(iii) The method of carrying out the optimization using an error 
technique.
6.3.3.1 Subroutine 'Nelsin*
The parameters within this program which were investigated were:-
(a) Start (I) - the matrix of the input starting values for the rate 
coefficients, i.e. contains the coordinates of the starting point,
(b) Step (I) - the, matrix of the input starting step lengths which 
determine the size and shape of the initial simplex.
(c) Reqmin - the terminating limit for the variance of the function 
values.
(d) Kongve - the number of iterations between convergence checks.
(e) Icount - maximum number of function evaluations.
Extensive investigations revealed that the system was relatively 
insensitive to 'Kongve' and that 'Icount' was only reached if the 
terminating limit 'Reqmin' was too stringent. Variation of both the 
final minimum value and the values of the rate coefficients at the minimum 
were experienced with changing values of Reqmin. These differences were 
large for relatively large values of Reqmin (^10 ^) but became less 
noticeable as Reqmin was reduced in size (10 ^->10 ^^). At the very small 
values the program was invariably terminated on 'Icount' rather than waste 
valuable computing time.
Independent variations of the starting step lengths and input 
starting values for the rate coefficients produced, in many cases, 
completely different function minima and corresponding final values for 
the rate coefficients. This problem was experienced using both the 
relative difference error technique (Ref. Section 6.3.1) and the
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logarithmic error function (Ref. Section 6.3.2). The model and 
experimental data used in this investigation were again extracted from 
internal working papers. In the latter stages, however, some of the 
early spinning basket reactor results from this research program were 
tested (Ref. Section 5.2.1). Neither set of results differed very 
much in terms of stability or goodness of fit. Two points are worth 
discussion at this stage.
Firstly, some of the final values for the rate coefficients were 
negative which is unacceptable for the type of rate model discussed in 
Section 6.1. One of the main advantages of using subroutine Nelsin 
is that, because it was developed at the University of Bath, a print-out 
of the optimization routine was available, hence it could be modified. 
These modifications involved the introduction of additional constraints 
within the optimization routine to prevent any values of the rate 
coefficients from becoming negative, i.e. effectively introducing a 
minimum boundary limit of zero for each parameter.
Secondly, the apparent instability can possibly be explained 
by imagining that the response surface can be represented by an uneven 
terrain (in two dimensions for simplicity) which consists of small 
hills and craters as well as the one (or maybe more) large crater which 
corresponds to the required minimum. It can then be postulated that 
the optimization program is being terminated around one of these small 
local minima and is unable to extract itself and proceed to the true 
minimum.
108A similar problem was found by Thombs who, in a slightly 
different context, examined his response surface using a grid search 
technique which revealed many local minima. The major problem about 
attempting such a grid search, particularly in a multi-dimensional 
system, is that the grid chosen for the search contains the required 
minimum of the function in question. Such a search is also very 
expensive in terms of computer time and is not a viable proposition
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as a regular method of analysis. A  more reasonable approach might be 
to obtain, what appears to be an acceptable minimum, by systematic 
alteration of the input starting values for the coefficients and the 
magnitudes of the starting step lengths. Having ascertained this 
minimum it is then possible to examine the response surface over various 
distances from the minimum by successively increasing the initial 
projected sinçlex size (i.e. increasing ’Step (I)’) using the coordinates 
of the minimum as the starting values.
In this way the response surface over a large area away from 
the minimum can be examined to see if a larger crater exists.
6 .3.3.2 Subroutine 'Nags’
The potential scope for investigation of this routine (Ref. 
Nottingham Algorithms Group Library, Program No. E04CCF) was rather 
limited, because it is a 'black box' routine and therefore could only 
be used in the standard form described in the instruction manual. The 
following parameters within the program were investigated:-
(a) X(I) - the user supplied matrix of the input starting values 
for the rate coefficients, i.e. the coordinates of the 
starting point.
(b) EPS - the required accuracy criterion for function termination.
(c) Maxit - the limit on the number of iterations performed by the 
optimization routine prior to termination.
This investigation was carried out using the same data and 
overall error functions as described in Section 6.3.3.1 and program 
Nags was found to exhibit the same properties as subroutine Nelsin.
As mentioned in Section 6,3.2, there is no facility in this 
program for independently altering the starting step lengths (h Step (I) 
in Nelsin). These values are automatically estimated in subroutine 
Nags using a relationship based on the input coordinates of the starting
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values (X(I)). I.e. the initial input conditions to the two
optimization routines could not be directly matched.
As in the unmodified form of program Nelsin, the final
estimated values of the rate coefficients were often negative. In 
this program, however no boundary constraints could be introduced 
because there is no method of access to these protected black box 
routines.
An additional disadvantage of program Nags was that for certain 
input conditions the program became unstable and terminated within the 
optimization routine. ̂The cause of this complete convergence failure
(not experienced using program Nelsin) was unknown. Samples of the 
failed programs were sent to the local Nottingham Algorithms Coordinator 
(University of Swansea) and to the original programmer, both of whom 
failed to solve this problem. It can only be postulated that either 
the particular input conditions resulted in unstable values of some of 
the internally calculated parameters (e.g. step lengths) or simply that 
there is a logic weakness in the program itself. Such a weakness might 
be similar to those discovered by Chambers and Ertel^®^ in the original 
O'Neill^®® optimization program (Ref. Section 6.3).
This program was therefore abandoned in favour of the modified 
version of subroutine Nelsin.
6.4 Analysis of Different Reaction Models
The initial investigations in Section 6.3 showed that the type 
of kinetic model developed at the beginning of this chapter, is difficult 
to solve successfully, particularly if the model is complex (i.e. the 
number of parameters is large).
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It was therefore decided to start off with a very simple lumped 
model and expand it, if required, rather than attempting to contract a 
more complex one.
The data used in this investigation is shown in Table 6.1 and 
represents the results in Figure 5.10 which are discussed in Section 5.2.3.
The results were analysed using the two modelling techniques 
outlined earlier in this chapter;-
(1) The N e l d e r - M e a d f u n c t i o n  minimization program developed by 
0 ' N e i l l ( R e f .  Section 6.3.3.1) called subroutine 'Nelsin'.
(2) .The linear least squares program discussed in Section 6.2
(Nottingham Algorithms Group Library, Program No. F04AMF) 
called subroutine 'Apollo'.
6.4.1 Model (1)
This model is a very simple representation of the reactions from 
MCP and can be represented as;-
kft k,
CR >  C 6  MCP ̂ = = = i ^ B Z
IC5
where for this model CR = cracked products ^C^.
C 6  E Cg paraffins (e.g. n-Hex, 2MP, 3MP).
MCP E MCP + MCP".
- 1
kj = rate coefficients (Sec ). (N.B. Where
a number of chemical stages are grouped k^ 
effectively represents the rate controlling 
step in the sequence.)
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This model does not discriminate between reactions taking place 
on the metallic and acidic functions of the bifunctional catalyst. All 
constraints on the conversion to the different products are assumed to 
be chemically controlled,
i.e.
(a) No diffusional limitations.
(b) No limitations on the availability of active catalyst 
sites.
As discussed in Section 6 . 1 , simultaneous steady state 
equations can be developed by assuming the spinning basket reactor to be 
equivalent to a single continuous stirred tank reactor, the equations for 
this model are as follows;-
(1 ) [ m c p ] =T [m c p ] o













These equations are of course only applicable if it can be 
assumed that as t (the residence time in the reactor) varies, all other 
experimental parameters remain constant; e.g. reactor temperature, total 
pressure, hydrogen/hydrocarbon feed ratio, stirring speed of reactor 
basket, catalyst activity etc.
6.4.1.1 Analysis Using Subroutine Apollo
The program matrices for model (1) were set up as described in
Section 6.2, where the number of unknowns N= 6 . There are eleven sets
of data outlined in Table 6.1; i.e. it is possible to set up 6 6  equations
in 6  unknowns for solution using subroutine Apollo. The values obtained
- 1for the rate coefficients (in sec ) were;-
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kl ^ 2  k^ k^ k^ kg
0.009 0.015 0.080 -0.015 0.065 -0.026
The main unacceptable feature of these results is the negative 
values for k^ and kg. As outlined in Section 6.2 program Apollo is a 
black box routine and hence there is no facility within the program for 
imposing boundary limits on the final values of the parameters. It was 
therefore decided that the main investigation should be centred around 
the use of subroutine Nelsin which could be modified for positive rate 
coefficients.
6.4.1.2 Analysis Using Subroutine Nelsin
Model (1) was analysed for changes in all the program parameters 
as outlined in Section 6.3.3.1; i.e. Start (I), Step (I), Reqmin, Kongve, 
Icount. Initially the logarithmic error function was used (Ref. Section
o
6.3.2) with Kj = 10 , K 2  = 2  and the overall error function F = Z (all 
component deviations).
The stability characteristics with respect to each system 
variable were very similar to those discussed in Section 6.3.3.1. The 
most noticeable variations in the values of the function minimum and rate 
coefficients occurred when the starting values and starting step lengths 
were altered.
In an attempt to gain a better understanding of these occurrences,
it was decided to try and reach a realistic minimum by systematically
altering Start (I) and Step (I). First of all, the input starting 
values for each coefficient were set to the same constant value and the 
response surface was examined for different sets of values for the 
starting step lengths. The results of this study are shown in Table 6.2 
(N.B. constant Reqmin, Kongve and Icount). No boundary limits were 
imposed on the values of the rate coefficients because one of the purposes
of the exercise was to see if, mathematically, better fits occurred with
some parameters negative. General observations that can be made from
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the results in Table 6.2 are:-
(a) The minimum overall error function value and the final values 
of the rate coefficients vary quite considerably over the 
range of Step (I) examined.
(b) Some negative values of the rate coefficients do occur, these
mainly being restricted to and kg although for the best
fit (Computer Run No. (CRN) 14) the value of k^ is also
negative. Examination of the chemical model indicates
that small positive values of k » , k, and k. would beZ 4 o
expected since the primary reactions are in the opposite 
direction (Ref. discussion of experiments using a MCP/H^ 
feed, Section 5.2).
In the second case, the starting step lengths were held to 
identical constant values and the starting coordinates of the initial 
simplex were varied, both systematically in sets and randomly. A 
selection of some of the better results in this series are shown in 
Table 6.3. Once again considerable variations occurred in the fits 
and the final values for the rate coefficients. One noticeable 
feature is that projected fits which contain zero negative concentrations 
(C fit), do not necessarily give the lowest values for the overall error 
function minimum. (N.B. The projected fit refers to the theoretical 
concentration profiles of each component based on the estimated final 
values for the rate coefficients.) In some cases the predicted 
component concentrations are negative particularly if the actual 
experimental concentrations are very small.) The best fit based on the 
lowest minimum value for the overall error function is CRN 27 (excluding 
CRN 103-128 which excluded the data for Run 5 in Table 6.1). In this 
computer run,rate coefficients k^ and kg are again negative, but k^ is 
positive (Ref. CRN 14).
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In CRN 103-117, the data for Run 5 (Ref. Table 6.1) was removed 
to see if the program produced significantly different final values for 
the rate coefficients. The reason for removing Run 5, was that the MCP 
concentration ex. reactor appears to be unusually low. Comparative 
results for the better fits produced very little change in the final 
rate coefficient values, e.g. CRN 8 8  versus CRN 103. Of these results 
the fit giving the lowest function minimum was CRN 128 which can be 
compared with CRN 27 and the Apollo results as follows:-
% 1 ^ 2 ^3 ^5 ^ 6
CRN 27 0.013 0x050 0 . 1 2 -0.14 0.044 -0.039






- 1 Xsec .)
0.065 -0.026
The similarity between the Apollo and Nelsin results demonstrate that it 
is possible to approach a 'reasonable’ minimum with Nelsin by a method of 
systematic variations in the input starting values for the rate coefficients 
The next stage of the investigation was to change the error 
function from the logarithmic method (Ref. Section 6.3.2) to the relative 
difference method (Ref. Section 6.3.1) with the overall error function 
F E Z(All Component Deviations). Once again the optimization routine 
was studied for both systematic and random changes in the parameter 
starting values. A selection of some of these fits are shown in 
Table 6.4. In general, the results were not as variable as those 
previously obtained using the logarithmic error function and the 
optimization program seemed to be less sensitive to changes in input 
conditions. Whether this means that the program is dealing more 
capably with the response surface is a matter of conjecture. The 
best fits based on the lowest minimum function value are for CRN's 142,
• —  j149 and 152 and the final values of the rate coefficients (sec ) are:-
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kj k̂  k̂  k̂  kg kg
0.005 -0.017 0.024 -0.177 0.036 -0.04
These values differ considerably from those outlined earlier 
for Apollo and CRN’s 27 and 128. (N.B. The error function minimum
values cannot be directly compared.)
As discussed in Section 6.3.3, negative values for the rate 
coefficients are unacceptable from a chemical viewpoint because of the 
chemical model has been defined. Mathematically, it may sometimes be 
argued that small negative numbers do not differ significantly from 
small positive ones. However, for the type of model equations developed 
in Section 6.1, the rate coefficients are effectively defined as positive 
and therefore there is a strong argument for introducing boundary minimum 
values of zero in the optimization routine. This means that if a 
boundary is reached the simplex will adopt a path along the boundary 
rather than move into a negative sector.
The effects of making this change using the relative difference 
error function (Ref. Section 6.3.1) are shown in Table 6.5. A direct 
comparison can be made between CRN’s 188 (Table 6.5) and 149 (Table 6.4):- 
Minimum
Function k, k_ k_ k, k^ k.
Value ' 2 3 4 5 6
CRN 149 5.98 0.005 -0.017 0.024 -0.177 0.036 -0.04
CRN 188 26.19 0.012 0.037 0.430 0.3 x lo"^ 0.108 0.015
(N.B. All k ’s in sec ^.)
From these results the following observations can be made:-
(a) The minimum value for the overall function is much larger when 
the rate coefficients are not allowed to become negative (i.e. 
implying a poorer fit).
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(b) The largest negative rate coefficient in CRN 149 (k^) becomes 
the smallest positive value in CRN 188.
(c) The effect of preventing negative values for the rate 
coefficients is to alter the minimum values of all the 
rate coefficients.
In spite of this ’loss of fit’ in mathematical terms, it was 
decided that positive values for the rate coefficients were more 
important from chemical standpoint and therefore the constrained 
Nelsin program was used for the rest of the investigations.
In addition, it was decided that the relative difference error 
function (Ref. Section 6.3.1) tended to produce more consistent 
results for different input starting values and starting step lengths.
I.e. The ability of the program to deal with the response surface 
appeared to be better. Therefore this type of overall error function 
(with F = 2 (all component deviations)) was used as a basis for analysis 
of all the models outlined later in this chapter.
It may be argued that there is no justification for continuing 
to use this type of modelling technique to investigate different kinetic 
models, because of the lack of reliability of the results. The 
reasons for continuing were as follows
(1) It was a relatively simple mathematical excercise to evaluate 
different model configurations for the same experimental data.
(2) Although specific values of the rate coefficients were dubious, 
some information could be gleaned about the relative sizes of 
the coefficients.
(3) It was possible that a model existed which produced a different, 
more stable type of response.
Therefore further investigations were undertaken on a 
mathematical/chemical basis to see if a potentially better model could 
be found.
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It should be stressed also that some of the models tested were 
not necessarily based on chemical evidence, but purely on mathematical 
manipulation. The reasoning behind this approach was that if a suitable 
fit was found, the chemical feasibility could be analysed retrospectively 
based on the overall results of the other experiments discussed in 
Chapter 5.
Before discussing alternative models, the following conclusions 
can be postulated from the investigations of Model (I):-
(a) Positive values for the rate coefficients (sec are
1 o
in the ranges
kj k̂  kg k̂  kg kg
-10 -20.01->0.1 0.01-H).5 0.1-)-1.0 10 +10 0.05+0.5 0.005+0.1
‘^ 1
(b) For the compounded reaction MCP 4 ' BZ, the rate coefficients
< ^ 2
appear to be roughly of the same order of magnitude with kg 
often greater than kj. Chemically the reverse reaction from 
BZ is usually considered to be a much slower reaction.
Therefore maybe there is another reaction involving the 
conversion of BZ to another product.
^3
(c) For the reaction MCP ---— Cg paraffins, kg is much larger than k^.
(d) For the reaction Cg paraffins^^^CR, kgis generally larger than
v
1 ^  BZ
(e) For the competitive conversion of MCP , kg was
kg Cg paraffins
always found to be the larger value. It is generally considered 
from a chemical point of view, that the conversion to BZ is faster 
than the primary cracking reaction(s) to the Cg paraffins (Ref. 
Chapter 5), whereas this model indicates tne opposite.
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6.4.2 Model (2)
A complete expansion of Model (I) (i.e. removing all the lumped 
parameters except CR) can result in a model of the form:-
10




(N.B. Refer to list of abbreviations for chemical compounds for key to 
above model CR = ̂  C^.)
This model assumes
(1) BZ is only produced via the classical isomerization route 
involving the isomerization reaction MCP”5F^CH~.
(2) The final step in the MCP/BZ sequence is irreversible; i.e. 
there is no subsequent formation of MCP from BZ.
(3) BZ subsequently reacts via an unknown irreversible route which 
eventually results in light cracked products. This compounded 
step is represented by the rate coefficient k^^.
(4) n-Hex is the only ring opening product formed directly from 
MCP.
(5) 2MP and 3MP are produced from n-Hex alone and not from each 
other.
(6 ) The Cg paraffins (n-Hex,2MP and 3MP) crack independently to 
lighter products, these reactions being irreversible.
The eight model equations with respect to residence time can be 
written down as described in Section 6.1. The model was then analysed 
as outlined in the last section using the data in Table 6.1. The best 
fit achieved had both the lowest overall error function value and the
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least number of negative concentrations in the projected fit. The 
estimated final values for the respective rate coefficients (in sec 
are:-
MCP ->■ MCP^ > *^1 = 6  X 1 0
•4 n-Hex 3MP 9 = 0.510
MCP^ MCP >
‘^ 2
= 0.530 3MP n-Hex 9 ^9 = 0.574
MCP^ -> CH^ 9 *̂ 3 = 0.007 n-Hex -► 2MP 9 ^ 1 0 = 0.262
CH^ m c p '' 9 '"A = 7 X lo"
5 2MP -► n-Hex 9 ^ 1 1 = 0. 133
CH^ -> BZ 9 = 0.025 3MP ->■ CR 9 ^ 1 2 = 0.055
MCP -► n-Hex 9 * ^ 6 = 0.371 n-Hex -)• CR 9 ^13 = 0.018
n-Hex MCP 9 *'7 T= 0 . 0 1 1 2MP CR 9 ^14 = 0. 127
BZ -» CR 9 ^15 = 2  X lo”
(N.B. For continuity purposes in the optimization routine, the 
experimental concentration of cyclohexene jcH”j was assumed to be 
1 0  ^ g moles/litre for all residence times.)
The projected fits for all components (excluding MCP and CH )
are shown by the curves labelled (2) in Figures 6 .2-6.7. In the graphs
the points have been connected by straight lines to give some idea of 
the overall trends. At first glance it would appear that the fits
shown in the Figures are somewhat nonsensical. It should be noted
however that the difference between the experimental and projected fit 
is in fact not a true representation of the actual fit achieved; e.g. 
consider a typical model equation:-
[mcp] = [mcp] + T(k^[MCP^ + k^[n-Hex] - (k^+kg)[MCp] )
j % o T T ^ T
projected experimental
value value
When a fit is perfect (for a given t ) the experimental and projected 
values will be identical. However when the fit deteriorates the 
projected value will indicate the extent of the relative deviation 
from the experimental value.
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Another way of expressing the goodness of fit is to rearrange 
the above equation as follows
[m C^ + T (k^[MCP 'îl + k^ [n-Hex] )
M ,  = -— ' — -------------
predicted 
value
In this case a predicted value for [m Cp] can be calculated
T
using the experimental concentrations of the other components and the 
predicted rate coefficients. This calculated profile is demonstrated 
in Figure 6.2, dotted curve marked (2A). At a glance this profile 
appears to give a much truer representation of the concentration profile 
However, if examined more closely the relative deviations at lowest and 
highest residence times are:-
T = 2.31 secs e = 35%
T = 21.39 secs e = 120%
where e = a e s ( ' ^^redicted
experimental
These relative deviations are clearly indicated by the curve for 
the projected fit (Ref. Figure 6.2, Curve (2)). Therefore the projected 
fit was used to compare models rather than the alternative predicted 
profile.
The projected fits for BZ (using Model (2)) were virtually
zero because of the minute CH concentrations. (N.B. The BZ
equation is;- ^ zero
4
/
i.e. [bz] = + T(kg[cn°] - kj^[Bz] )
t ’ /  • J ' I ’
projected lo”  ̂ experimental
value value
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Obviously the term which controls the degree of positiveness 
is the one involving [cH~J. Hence the only way that a reasonable 
positive value for pj-gjected arise, is if k^ is very large.
This model does not produce a reasonable BZ production and 
therefore it must be rejected on this basis.
Other comments that can be made about the final values of 
the rate coefficients for this model are:-
^ 6




(b) For the reaction n-Hex — —  3MP,k^ = 1.1 kg. In Sections
4.4.4-4.4.6 , it was suggested that the values of the Cg 
paraffins reach equilibrum with a mean value for the 
equilibrium ratio n-Hex/3MP of 1.40.
^ 1 0
(c) For the reaction n-Hex 2MP, k^^ = 2.0 k^^. This is an
'‘ 1 1
unexpected result because the concentration of 2MP/n-Hex in 
Sections 4.4.4 to 4.4.6 is 1.25. One reason for this 
difference might be that the modelling steps for the Cg 
paraffins are not correct.
6.4.3 Model (3)
Before radically altering the shape of Model (2) one small 
change was made to see if it had any major effects on the overall fit. 
The compounded step involving the direct cracking of BZ to light 











The modified equations were optimized in the same way as for 
Model (2) (Ref. Section» 6 .4.2). Examination of the curves labelled (3) 
in Figures 6.2-6.7 shows that the projected fits for Model (3) are 
marginally better than those obtained for Model (2), particularly for the
C^ isomers 2MP and 3MP. The final values for the rate coefficients
/ • -1 \(in sec ) are:-
MCP MCP* » '‘i = 2 X 10^ n-Hex ->■ 3MP > ’' 8 = 0.575
MCP* MCP > = 0.426 3MP ->• n-Hex > kg = 0.748
MCP* -> CH* y = 0.005 n-Hex ->• 2MP » ’'lO = 0.505
CH* -»• MCP* 9 '̂ 4 = 0.003 2MP ->■ n-Hex > ’'ll = 0.297
CH* -> BZ 9 = 0.006 3MP CR > * ' 1 2 = 0.117
BZ -»■ CH* 9 ’'15 = 10-4 n-Hex -► CR f k, 3 = 0.013
MCP -» n-Hex 9 ’'6 0.386 2MP CR » ’'14 = 0.050
n-Hex MCP 9 ’'7 2 X 10“ ^
Comparison of the equilibrium relationships between the C^ 
paraffins gives :-
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(a) kg/kg = 1.3^ Both of these values are nearer to the expected
(b) kjQ/kjj = 1.7 j equilibrium values (Ref. Section 6.4.2).
This model suffers from the same basic drawback with respect 
to BZ production as Model (2), because once again the term k^|cH*^ is 
very small. Therefore it must also be rejected.
6.4.4 Model (4)
There are two ways of modifying Models (2) and (3) to overcome 
the problem of lack of BZ production
(1) To exclude the term for CH concentration and base the 
production of BZ on a compounded reaction step MCP :^=^BZ.
This is acceptable mathematically because it eliminates the 
stability problems due to very low assumed values of ^CH J .
(2) It could also be suggested that the route to BZ via MCP
and CH cannot explain the amount of BZ produced; i.e. maybe 
there is another route to BZ although there is no chemical 
evidence to suggest such a step. There is one flaw in this 
argument, namely that the reactions are taking place on the 
catalyst surface (adsorbed species) and the modelling 
procedure is being based on bulk phase concentrations; i.e. 
effectively considering the reacting system to be homogeneous.
Therefore maybe the fault lies in the fact that the spinning 
basket reactor cannot be considered to be a simple CSTR (continuous 
stirred tank reactor) and that the homogeneous models discussed in this 
chapter are not suitable.
Another adaption that was incorporated was the lumping of 2MP 
and n-Hex. This implies that 2MP as well as n-Hex is produced directly
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from MCP (identical rate coefficients). Similarly 3MP is produced from 
both n-Hex and 2MP in the same fashion.
As a result of these considerations the model developed wast-
7 6  1
3MP ̂  —  (n-Hex + 2MP) —  MCP MCP
BZ
This gave final rate coefficient values (in sec of:-
MCP ->• MCP' , kj = 5 X 10 MCP -> (n-Hex + 2 ME) > ^5 = 0.388
MCP" ->■ MCP , k^ = 0.405 (n-Hex + 2MP) -> MCP > ’̂ 6 = 5  X 1 0
MCP^ -»■ BZ , k3 = 0.228 (n-Hex + 2MP) ->• 3MP * = 0.094
BZ -► MCP“ » ^4 = 0.008 3MP (n-Hex + 2ME) > * ^ 8 = 0.071
BZ ->• CR , kjj
— Zl= 2 X 10 3MP CR , > = 0. 164
n-Hex + 2MP CR > * ^ 1 0 = 0.053
-4
It is immediately noticeable that the value of (MCP -► BZ) 
is reasonably high enabling significant formation of BZ. This is 
confirmed by examining the projected fit for BZ in Figure 6.3 which for 
the first time gives predicted values of the same order of magnitude as 
the experimental results. It should be noted, however, that the fit 
is still not very good.
- 140 -
The reason for this problem might be that the MCP concentrations 
for Runs 1-11 in Table 6.1 are significantly lower than the concentrations
of other species and also lack consistency. This is bound to result in
instabilities in the projected BZ concentrations, since the degree of
positiveness (of the projected value) is dependent upon the k^^MCP"^
T
term in the kinetic equation:-
zero
[bz] . + T ( k 3 [MCP*] - (k^+k,,)[Bz] )
projected experimental
value ' value
The grouping together of (n-Hex + 2MP) has had very little
effect on the values of the rate coefficients for the primary ring-
opening reaction from MCP:- 
e.g.
Model (3) MCP n-Hex , k. = 0.386o
n-Hex MCP , ky = 2 x 10 ^
Model (4) MCP (n-Hex + 2MP) , k^ = 0.388
(n-Hex + 2MP) ^  MCP , k^ = 5 x lo"^
The probable reason for this is that the reverse reaction
to MCP is very slow and therefore this change had little effect on
the projected fit for MCP (see Curve (4), Figure 6.2).
6.4.5 Model (5)
In an attençt to further improve the projected BZ fit, one 
major modification was made to Model (4). This involved a second 




3 M P ^ = ^  (n-Hex + 2MP)5F=^ MCP: MCP
CR BZ
k
(N.B. The choice of 3MP as the secondary route to BZ is arbitrary, 
i.e. the inclusion of this step, is purely a test of mathematical 
feasibility.)
Final values obtained for the rate coefficients were:-
MCP MCP" » = 0.1 X 10 ^ MCP n-Hex + 2MP » ^ 5 = 0.425
MCP'^ MCP 9 h = 0 . 0 0 2 n-Hex + 2MP ^  MCP h = 0 . 2  X 1 0
MCP^ BZ 9 *̂ 3 = 0.430 n-Hex + 2MP 3MP 9 = 0.114
BZ MCP^ 9 = 0.4 X lo“^ 3MP n-Hex + 2MP 9 = 0.189
BZ ^  CR 9 ’' n = 0 . 6  X lo"^ 3MP -» CR 9 = 0.095
BZ 3MP 9 = 0.016 n-Hex + 2MP -» CR 9
' ^ 1 0
= 0.061
3MP BZ 9 k|3 = 0.007
-4
The effect of introducing the additional route to BZ is to 
improve the projected BZ fit in Figure 6.3 (Curve (5)). It has not, 
however, altered the shape of the fit achieved (compared to Model (4)) 
for either BZ or the other components (see Figures 6.2/3/6/7); i.e. 
Model (5) may give a better mathematical fit than Model (4), but 




The results discussed in this chapter have, in general, proved
to be totally inconclusive. Apart from the models considered in
Sections 6.4.1-6.4.5, a number of other models were analysed, which
produced only marginally different mathematical fits. The reasons
for the failure of this modelling technique and optimization procedure
have been discussed extensively throughout this chapter.
It was, therefore, decided to abandon this investigation and
to attempt to develop a suitable kinetic model of either the Hougen- 




KINETIC MODELLING OF THE EXPERIMENTAL RESULTS FROM THE 
PACKED BED REACTOR
In Chapter 6 , an attempt was made to develop a suitable kinetic
model for the reactions which occur when methyleyelopentane is passed over
a reforming catalyst under ’mass transfer free’ conditions. This
modelling technique was not successful and therefore it was decided to
develop a suitable empirical kinetic model using data from the packed
bed reactor. To do this, it was necessary to obtain data from the
tubular reactor which was not diffusion influenced. These experiments
are outlined in Chapter 4, Runs 38 .to 45 (Figures 4.38-4.45).
Before using the results of these experiments as a basis
for kinetic modelling, checks were carried out to confirm that mass and
heat transfer limitations could be neglected. A  sample of these
calculations is shown in Appendix C. It can be seen that both the
internal pellet and external film gradients can be neglected. (N.B.
a full set of, calculations were carried out for Runs 38-45 and in each
case the results proved to be satisfactory.) Therefore, it was
concluded that kinetic models could be developed using this packed bed
data which were free of significant diffusional effects.
The concept of modelling kinetic data, using largely empirical
modelling techniques, is now a well established means of attempting to
..  ̂ ^ 21,113,114predict reaction rates over a range of operating conditions '
In general, two types of models are used:-
(a) Power function models of the form:-
r = ... P /
2 1(b) Hyperbolic Hougen-Watson type models . These models are 
developed by means of the extended Langmuir-Hinshelwood 
theory and are usually of the form:-
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r =
' + V A  + V b + ••• V n
Many researchers have discussed the merits/drawbacks of using
113these two approaches, the most noteworthy being the paper by Weller ,
who comes to two basic conclusions. Firstly, he suggests that the 
Langmuir-Hinshelwood approach does not have the theoretical validity 
commonly attributed to it, because some of the primary assumptions in 
the model development are invalid, and its use leads to unnecessary 
mathematical complexity. Secondly, he suggests that in many 
circumstances, rate data can be adequately correlated by a simpler 
and more convenient power function model, where the powers are restricted 
to integral or half integral values. The purpose of Weller’s criticism 
is to show that both types of model are largely empirical and therefore 
the primary objective of a modelling excercise should be to find the 
simplest representation of the data in question.
Both approaches were attempted in this investigation and it was 
found that the hyperbolic functions were easier to handle computationally, 
and gave better fits.
7.1 Development of the Power Function Models




A power function model describing this reaction might be:-
I I
^A-^B ^ ^^^A^ (^B^ "" ^ (^A^ (̂ B.)
forward reverse
reaction reaction
where ’P \ ’ refers to partial pressure (or concentration) of either a 
reactant, product or ’inhibitor’ and the exponents are usually either
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integral or half integral values.
In the case of the conversion of MCP to BZ it could be 
postulated that the rate of reaction is dependent upon the following 
components
M̂CP-)-BZ  ̂ ^̂ MCP̂  (̂ Bz) ^̂ HĈ  ” ^̂ MCP̂  ^̂ BẐ  ^̂ HĈ
where HC refers to all other hydrocarbon compounds present. If the 
reaction rate and all the partial pressures are known, then it should 
be possible to estimate (using numerical techniques) values for the 
exponents and constants in such a relationship. If, on analysis, some 
of the exponents are found to be very small, then they can be put to 
zero and the overall rate expression can be simplified.
217.2 Development of the Hougen-Watson Type Models
It has already been mentioned in the introduction to this
2 1chapter, that the derivation of Hougen-Watson models is based on an 
extended Langmuir-Hinshelwood approach. Before adopting this approach, 
however, certain assumptions must be made about the reacting system of 
which the most important are:-
(a) No interaction occurs between adsorbed molecules. This 
implies that the heat of adsorption is constant and 
independent of the amount of gas adsorbed.
(b) In a mixture of gases the Langmuir equation predicts that' 
the addition of one gas to another decreases the adsorption 
of the first.
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In practice neither of these assumptions are likely to be 
wholly or in some cases even partly true and therefore the question 
of theoretical validity is seriously tested. Other assumptions made 
in this instance for the purposes of deriving suitable equations are:-
(i) The reaction is chemically controlled, i.e. the partial
pressures of the various components at the reaction
surface are equal to those in the bulk gas phase.
(ii) In a complex reaction, only one of the substeps is rate
controlling. This enables considerable simplification 
of the rate equations.
Consider the classical bifunctional reaction scheme involving 
the conversion of MCP to the various reaction products
X X
CR MCP ̂ 5 = ^  MCP + H, 
A
X X
C H ^ = = = C H  =̂-- ^ BZ + 2H^
where X = Pt (Metallic Function)
Y = Alumina (Acidic Function)
CR = C^ and lighter paraffins
Based on this reaction scheme, the following simple dual-site reaction 
mechanism can be written down;-
(A) Hydrogenation/Dehydrogenation Substeps over the Metallic Function
(I) MCP + X MCPX = ^MCPx/^MCP'^X
(2 ) MCPX + X ^  MCP" + H^X = Sicp=x * S ^ x ^ S c p x *  S
(3) H^X ^ H 2  + X =
(4) MCP^X MCP^ + X ‘̂ 4 = ^MCP='^x/^MCP=X
(5) MCPX + H^X CR + X ‘'s = ^CRX * ̂ X^^MCPX * ̂ HgX
(6 ) CRX CR + X ‘^ 6 = ^CR'^X'^^CRX
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(B) Isomerization Substeps over the Acidic Function
(7) MCP= + Y ^ M C P = Y
(8 ) MCP=Y : ^ C h “y Kg = C^h-y/SiCP=Y
(9) CH=Y 9 F * C H “ . Y  Kg = W "  V'= C H = X
(C) Hydrogenation/Dehydrogenation Substeps over the Metallic Function
( 1 0 ) CH" + X c h "x ‘'lO ^ CcH=x/^CH='Cx
(1 1 ) CH"x  + H ^ X ^ = ^ CHX + X
‘^ 1 1 ^CHX*^X^^CH*X‘̂ HgX
( 1 2 ) CHX CH + X K , 2 " ^CH'^x/^cyX
(13) Ch“x  + 2X BZX + 2(H2X) ^,3 c? ’X X
(14) BZX BZ + X <̂ 14 * ^BZ'^X^^BZX
where ^ 1 - 1 4  - equilibrium constants.
Since, in practice, the bulk phase concentration of CH is 
undetectable, it is reasonable to assume that one of the substeps in 
the isomerization sequence is rate controlling.
From the experimental results obtained in Chapters 4 and 5, 
it can be postulated that Step (9) is the most likely rate controlling 
step, since CH was not detected at any stage in the bulk gas phase.
If Step (7) is rate controlling then one would expect to 
find a significant build-up of MCP in the bulk phase. The experimental 
program revealed only low MCP concentrations.
7.2.1 Isomerization of Methylcyclopentene to Cyclohexene 
Rate Controlling
Equations (7)-(9) in the introductory section can be written 
in a more general form:-
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^ 1(7) A + Y AY
^ 2
kg
(8 ) AY BY
^4
kr
(9) BY B + Y
^ 6
and the rates of each reaction can be written as follows
^BY ^ 3 ^AY “ ^ 4 ^BY ^^.Z)
^B “ ^5^BY ’ ^ 6 ^ b S  (7.3)
If Step (8 ) is assumed to be rate controlling, then the other 
reactions (Steps (7) and (9)) can be considered to be in equilibrium
I.e.
’' i V y  “ ^2^1C£ ~ ” ''ô^bS
rearranging gives;-
BY K,K„ P, AY7 9 A
k] k^





^BY " ^3^AY ” * P”  ’ *̂ AY7 9 A
rearranging
>̂ BY - ( " a  - ^  • 0 (7-4)
k 3where = —a
2 1From simple adsorption theory , the equilibrium surface 
concentration of component A in terms of the interfacial fluid activities 
can be expressed as follows;-
AY 1 + a.„ K. + a_,AY. A BY, 1 1
where;-
and = adsorption equilibrium constants equivalent to
Ky and ^  respectively 
9
L = total number of active acidic sites
(N.B. This expression assumes no inhibition of the active sites 
from any other species.)
Substituting for gives;-
- K,KgKg • ^b)
^AY.^7 ^BY.^^9 )' 1 1 /
rgY =  —  (7.6)
Assuming no diffusion limitations, the surface concentrations 
are the same as the interfacial fluid activities, i.e. the equation 
becomes;-
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^ ~ KgKgKg • T’a)
'by ( 1  + + Pj/Kg) (7.7)
*where k = k^L = forward rate coefficient for the rate controlling 
step AY-)"BY.
Thus for the isomerization reaction step MCP”;f ^ C H  , the rate 
expression is:-
^ ^7 ̂ ^MCP= ” KpCgKg * ^CH=)
'CH=Y.= - T T T p ^ g l K - T p ^ ^ T g -  (7-®)
This equation, however, is of no practical use because it is 
expressed in terms of the MCP" and CH* partial pressures which are not 
measurable quantities (Pqjj= was not detected throughout the whole 
investigation outlined in Chapter 4). These partial pressures can be 
expressed in terms of the and P^^ by utilizing the relevant
equilibrium relationships outlined in Steps (1)-(14) (excluding Step
(8 ) and the superfluous reaction steps involving CR and CH):-
^MCP= ”  * ^MCP^^H^
(7) ^CH= “ 2  • T’bzT’h  (7-'°)
3 10 13 14
Substituting in the rate equation for P^Qp= and P^^_ gives;-
k K^Kj
1 +  K ^K * . P ^ c p /^ H ^  + V l f i
(4.11)
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* 3where K =» = overall equilibrium constant
K*
^ 2  = Kg ^9^10^13^14
This equation does not include any effects of inhibition of 
the active catalyst sites by other species. In the classical reaction 
scheme outlined at the beginning of this section, it was postulated 
that the only reaction taking place over the acidic function is the 
isomerization reaction MCP ^ ^ C H  . However, this does not prevent 
other species from being adsorbed on the acidic surfaces which may 
reduce the number of active sites available for reaction. Such a 
term may be included by considering a hypothetical adsorption step 
involving the acidic catalyst
(15) I + Y lY K,, =
8k. ^5 P,C^
The rate equation for this step ist-
rpY - kyPjC^ “ ^ 8 ^IY (7.12)
If Step (15) is in equilibrium, then r^^ zero and the 
inhibitor term can be included in the denominator of equation 7.5 
as follows
1




Hence equation 7.11 becomes
> " V Î  ■ * A  \
(7.14)
where = K^, the adsorption equilibrium constant for the inhibitors
Pj = bulk phase partial pressure of the inhibitors which may 
include some or all of the species present apart from 
MCP“ or CH*.
7.2.2 Adsorption of Methylcyclopentene on the Acidic Catalyst 
Rate Controlling
Consider equations (7.1)-(7.3) in Section 7.2.1. In this case 
Step (7) is assumed to be rate controlling and Steps (8 )-(9) are considered 
to be in equilibrium: i.e. r^^ = r^ = 0. Hence the following relation­
ship can be developed for r^^, the rate of adsorption of component A on 
to the acidic catalyst:-
^AY V l  ^A ” ^B/^7^8^9 (7.15)
2 1Now from simple adsorption theory , C^, the 'concentration' of vacant 
sites can be expressed as (assuming no inhibition):-
Cy - L - (CAY + Cg?) (7.16)
From the equilibrium relationships of Steps (8 ) and (9)
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^AY ’ S
^BY “ ^ B ^ S  * ^Y
Substituting and rearranging gives:-
 ----------- î;— ------ (7.17)




1^ ((a - K^KgKg)
1 . Pg(I . i-)/K 9
(7.18)
Hence the rate of adsorption of MCP on to the acidic catalyst given by:
_  (7*MCP= "
'MCP-Y 1 + P(,g=(l + 1/Kg)/Kg (7.19)
•kit
where k = kjL = forward rate coefficient for the rate controlling
step MCP + Y ->■ MCP Y
Substituting for P^^p= and P^g= using equations (7.9) and
(7.10) results in the following final expression:-
** *
k K, { P^^„/P„ - P*^P* /K
= --------— 2 -----   ^-JT- Model (3)
1 + ( 1  + l/Kg)/KgK2
(7.20)
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A term for inhibition of the active catalyst sites can be 
introduced into this analysis by modification of equation (7.16) to:-
Cy = L - (CAY + S y  " 4 y > (7-21)
Assuming equilibrium (i.e. r^^ in equation 7.12 is zero):-
^lY * ^7 / ^ 8  * ^I^Y V l ^ Y  (7.22)
i.e. equation (7.17) becomes:-
C y --------------- Ï-------------  (7.23)
' ' ^b C  * + V i
Hence, when equation (7.20) is modified to include the inhibition term 
it becomes:-
** k ^  o *\
^ ^1 (JmCP^^H^ ” ^BZ^H /K J
' > + P B z ^ :/ ' + ' / v / % + v i
(7.24)
(N.B. It should be noted that the inhibition term in the above equation 
is exactly the same as that in equation (7.14). It can be proved that 
any form of inhibition can be included by simply adding a suitable term 
to the denominator of the original equation excluding inhibition.)
7.2.3 Desorption of Cyclohexene (From the Acidic Catalyst)
Rate Controlling
The method of analysis is exactly the same as in Section 7.2.2
except that in this case Step (9) is assumed to be rate controlling:
i.e. Steps (7) and (8) are considered to be in equilibrium and therefore
in equations 7.1-7.3 (Section 7.2.1):-
^AY ^BY ^ °




''cH' ° 1 + PmCP= • KyCl + Kg) (7.25)
*** _
where k = k^L = forward rate coefficient for the rate controlling 
step CH*-K:H^ + Y.
Substitution for P^^p= and Pgg= using equations (7.9) and (7.10)
gives
k***K,K^KV(P^^„/P„ - P=^P: /K
r„„= = ----------*  Model (5)
- V , ( ' - g ) . P _ / P , ^
Inclusion of a term for catalyst inhibition results in a 
modification of the denominator of the equation as follows
*** * /  2  Ak K^KgKj^P^çp/Pjj - PggPy /Ky
r . ™  = --------*-----------------  ^  Model (6 )I +  K , K ^ ( 1  +  K g ) P ^ ^ p / P  +  K g P p
/ l/.Z/l
7.2.4 Non-Stoichiometric Models
In the experiments discussed in Chapter 4, most of which 
represent typical industrial reforming conditions, the hydrogen is supplied 
from an external source and the hydrogen partial pressure is considerably 
larger than the partial pressures of any of the C^ ring hydrocarbons :- 
e.g. Pgz/Pg < 0.01. Therefore any change in the hydrogen partial 
pressure due to BZ formation is negligible. Hence it could be argued 
that a better representation of Step (13) in the overall mechanism 
outlined at the beginning of this chapter is:-
(13A) CH X + X ^ = ^ B Z X  + H^X C^^^ • ^H 2 X'^^CH=X * S
- 156 -
This modification does not alter the development of the basic equations 
in terms of P^^p= and P^^= (outlined in Sections 7.2.1-7.2.3). It 
does, however, alter equation 7.10 to:-
^CH* ^BZ^Hg/^J^lO^lO^lA (7.28)
Hence, substitution for P^g_ in equations 7.8, 7.19 and 7.25 (both 
including and excluding inhibition) will result in modified versions of 
the final equations as follows:-
_1_. Step 8  - Isomerization Rate Controlling
(a) Excluding Inhibition Term (Model (7))
k ^7^1 r  MCP^^H ” ^BZ^H /K4 )
^CH~Y ~ * ' : * (7.29)
1 + KyK| . + Pg^Pjj^/K^
where - K^K^K^K^K^KgKgK^ ^   ̂̂
K 3  = S S ^ 1 0 ^ 1 3 A ^ 1 4
(b) Including Inhibition Term (Model (8 ))
k KjKj(Pjjçp/P - Pb z Pji
W y ---------- *------------   ^ ---- —  (7-30' ' K7K, - PMCp/̂ Hp + + Vl
_2. Step (7) - Adsorption of MCP" Rate Controlling
(a) Excluding Inhibition Term (Model (9))
** */
’̂ iV^MCP'^V " ^ B z V ' ^ ^ y
r p = ---------:   ^  (7.31)
' + ^ B Z ^ C  + >/Kg)/KgK5
(b) Including Inhibition Term (Model (10))
** *,k K, P„^.„/P„ - PL^P^r /K,
------------ :-------   *7 , : . (7.32)
' + ^ B Z ^ C  + ■/K8 )/KgK5  + KgPp
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2" Step (9) - Desorption of CH~ Rate Controlling
(a) Excluding Inhibition Term (Model (11))
*** */ \ 
k KyKgKj^P^^p/Pjj - Pg^Pg /k J
r _ = ------------- ;--------   (7.33)
l + K ^ K ^ ( l + K g ) P ^ ^ p / P ^ ^
(b) Including Inhibition Term (Model (12))
' ' * * * S V X " M C P / V  - W H / < )
W ---------- *------ :----   (7.34)
'  ̂V.C  ̂V  Pmcp/Ph/ V l
7.2.5 Influence of Total Pressure on Reaction Rate
I " — " - -
A  summary of the rate equations developed in Sections 7.2.1-
7.2.4 is shown in the second column of Table 7.1. Each equation is 
allocated a model number and is expressed in a generalized form for 
computational purposes. Examination of these equations shows that all 
of the reaction rates are dependent upon the total pressure (Ref. Column 4, 
Table 7.1);
e.g.
Model (1) r =
= o-GP 3Y+XP
where x^ = Mole fraction of component i
a,3,Y»X = Arbitrary combinations of component mole fractions 
P = Total pressure
The initial rate equations (where Pg^ = 0) for each model are 
shown in the third column of Table 7.1 and it is immediately apparent 
that none of these equations are dependent upon the total pressure.
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e.g.
Model (1) r. ... - = ' =MCPinitial Xjĵ P + Z,x,^gpP Xjĵ  +
Therefore total pressure cannot be used in this instance as a 
diagnostic tool for discriminating between models.
7.3 Curve Fitting of Rate Data
The models developed in the previous sections can be directly 
analysed using regression techniques provided that values are obtained 
for the rates of reaction. To do this it is necessary to curve fit the
concentration profiles along the length of the catalyst bed. There are 
a number of mathematical methods which can be used for curve fitting, 
the ones considered in this investigation were:-
(a) Ordinary Polynomial Regression.
(b) Weighted Orthogonal Polynomial Regression.
(c) Weighted Least Squares Fit by a Smoothed Cubic Spline.
7.3.1 Ordinary Polynomial Regression
This method involves fitting a curve through a set of experimental 
data by means of a least squares polynomial approximation such that the sum 
of the squares (S^) is minimized. In this case S^ is given by:-
N 2
where f^ = experimental value
y^ = value predicted by polynomial of order g
The program used in this investigation was adapted from an 
example present by Carnahan et al^^^. Examples of some of the fits 
achieved using this method are shown in Figure 7.1.
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7.3.2 Weighted Orthogonal Polynomial Regression
Ordinary polynomial regression techniques using a typical 
polynomial of the form;-
y (x) = b_ + b.x + b_x^ + ••• k x® g u i z g
have two main disadvantages
(1) Non-permanance of the coefficients 'b*.
(2) Ill-conditioning of the 'normal' equation (N.B. These are 
the equations which are used to determine the unique solution 
which will minimise the sum of the squares S^).
Both of these disadvantages can be overcome by the use of 
orthogonal polynomials.
The computer program investigated in this instance was selected 
from the Nottingham Algorithms Group Library, Program E02ABF. (N.B. As 
mentioned in Chapter 6 , this library of standard subroutines are available 
through the South Western Universities Computer Network.) The method 
of solution used by the program was developed by F o r s y t h e * O n  input 
the user can select a maximum degree of polynomial (G) to be examined.
The program then examines polynomials from O-^G and selects a polynomial 
of degree g (g ̂  G) which gives the best fit to the experimental data.
Examples of some of the fits achieved using this method.are 
shown in Figure 7.2.
7.3.3 Weighted Least Squares Fit using a Smoothed Cubic Spline
A major problem of fitting polynomials to experimental data is 
that the 'true' functional relationship governing the variations in the 
experimental values are often not polynomial relationships. Hence it 
is difficult to find a continuous polynomial which has the particular 
turning points exhibited by the data. One way of attempting to over­
come this problem is to use the cubic spline technique. In simple
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terms, the method involves dividing the overall relationship into 
discrete sections, the end of each section being termed a 'knot'.
Each section is fitted by a different cubic polynomial subject to the 
condition that at each knot, the consecutive cubics are continuous in 
both the first and second derivatives.
A suitable standard computer subroutine was once again 
selected from the Nottingham Algorithm Group Library (Program E02AAF). 
This program calculates a least squares fit to a given data using a 
smoothed cubic spline, the positions of the knots and the smoothing 
factors being chosen by^ the user. The program computes a cubic 
spline s(x) with knots q^(l) ... q^ and smoothing factors Gu( 2 ) 0 _̂_j
which minimizes the expression:-
N 2 m— 1 2
Z w\(f^ - s(x_)) + Z (Gud^)
i= 0  i= 2
where d^ = discontinuity in the third derivative of s(x) at the 
.th
1  knot q
Examples of fits that can be achieved using this method are 
shown in Figures 7.3-7.5 for various different knot positions, weights 
and smoothing factors.
7.3.4 Discussion of the Curve Fitting Routines
The test data chosen to test the routines was a typical BZ 
profile and it proved to be a relatively easy one for all the curve 
fitting procedures (Ref. Figures 7.1 to 7.5). One of the primary 
requirements of such a curve fitted profile for BZ, is that it should 
pass through the origin, because the origin represents the entry to 
the catalyst bed and there is no conversion to BZ prior to this point.
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Examination of Figure 7.1 (representing the curves obtained 
using the unweighted ordinary polynomial regression routine) shows that, 
even for this simple example, the only curve that satisfactorily copes 
with the initial point is a 5th order polynomial. As a general rule,
it is undesirable to use higher order polynomials (>&) because there
is a tendency towards rippling which can develop into minor oscillations 
between the curve fitted points. Therefore this techniques was 
rejected.
In the weighted orthogonal polynomial regression technique, 
sufficient weighting can be put on the origin to force the curve through 
that point. However, having done that, the routine cannot always cope 
with the rest of the experimental profile because it is a single 
continuous polynomial. Therefore, because of this restriction, this 
method was rejected.
Examination of the curves in Figures 7.3-7.5 show that the 
cubic spline technique can be used to develop quite a wide range of
different curves for a particular set of data.
This versatility means that in the case of difficult experimental 
curves the data can be split up into sections and treated independently to 
produce the best overall fit. Therefore, this curve fitting was chosen 
as the best method of fitting the rate data for the conversion of MCP 
to BZ in Runs 38-45. In most cases constant values were selected for 
the knot positions and the smoothing and weighting factors, based on 
the results of the initial investigations outlined in this section.
7.3.5 Calculation of Reaction Rates
The rate of production of BZ from MCP can be written down as
follows :-
_ Moles of BZ in Product Sample 
^BZ Weight of Reforming Catalyst
the units of r being g.moles/(hr.g Ref. Cat).
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The right-hand side of the above equation can be approximated
to;-
^ _ Moles MCP in Feed x Mole % BZ in Product Sample
BZ Weight of Reforming Catalyst x Mole % MCP in Feed
i.e. the continuous rate at any catalyst bed position can be calculated 
by curve fitting the molar concentration profile for BZ since the other 
parameters in the right-hand side of the above equation are fixed for a 
particular run.
The estimated^reaction rates using the cubic spline technique 
are shown in Table 7.2.
Before this rate data can be used for examining the models 
outlined earlier in this chapter, it is necessary to make one important 
assumption, namely, that any reaction from BZ to other products occurs 
via MCP as an intermediate. If this is not the case and there is for 
example:-
(a) Conversion of BZ to paraffins via CH.
(b) Direct conversion of BZ to paraffins by other routes.
then the estimated reaction rates in Table 7.2 are not the true 'net 
reaction rates' for the reaction M C P B Z  and therefore cannot be directly 
used in the modelling equations. It would then be necessary to either, 
introduce a correction term for cracking, or develop a more complex set 
of models. In such a situation, the overall experimental reaction 
rate would be a combination of the individual reaction rates in a 
compounded sequence which might be of the form:- e.g.
MCP MCP — ^ Other Products
Other Products «4 CH ̂ =^CH = ^ B Z  ^Other Products
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7.4 Computational Techniques for Comparing the Kinetic Models
7.4.1 Hyperbolic Models
All of the rate equations presented in Table 7.1 are non-linear 
in the parameters. Some of the simpler ones can, in fact, be transformed
into a linear relationship:- 
e.g. Model (5)
j. ^ ^ ^^MCP “
^H^ ^l^MCP
can be linearized to give;-
* ^^MCP “ ^BZ^n/Z)
r = r  *  ^1 ^MCp/z
Thus provided a value for Z (equivalent to the overall equilibrium 
constant) is known, the parameters z and Zj can be estimated using 
linear regression techniques. However, apart from the difficulties 
of estimating a suitable value for Z, the statistical requirement for 
such a rearrangement is that the experimental error is normally 
distributed with zero mean and constant variance. This may be true 
for the real dependent variable, but the re-grouping of the left-hand 
side of the equation does not necessarily meet these conditions because 
it contains a combination of the dependent and the independent variables. 
In addition, the parameter estimates can be effected by the alteration 
of the least squares minimization criterion which is (r*-r*') for 
the linear equation compared to (r-r*) in the non-linear case.
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Therefore it was decided to attempt to solve the equations in 
their original form using non-linear regression techniques.
The program chosen for this purpose was from the Biomedical 
Programs Library (Health Sciences Computing Facility, U.S.A. Program 
No. BMD07R), This library of standard routines is available through 
the South Western Universities Computer Network. The program obtains 
a weighted least square fit
r = f(P,,P2  P^ , Z| ... Zq) + E
of a user specified function ^f’ to data values Pj,***P^,r by means of 
stepwise Gauss-Newton iterations on the parameters Within
each iteration, the parameters are selected for modification in a step­
wise manner. The parameter selected at each stage is the one which, 
differentially, gives the greatest reduction in the least squares 
minimization criterion. Parameters with restricted boundary values 
(user specified), whose modification in a given iteration would lead 
to boundary violations are not modified. In such a case, the iteration 
is performed ’on the boundary’.
The user supplied function includes both the basic equation 
and the partial derivatives with respect to each parameter, 
e.g. Consider Model (9) (Ref. Table 7.1);-
r = —
the partial derivative with respect to the three regression parameters 
are:-
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(2̂) — ■ = —
zPb_P„ ( 1 /z2 )
JZ - I . Z^Pg^Pg^
, ■  ^BZ^H )
(c) If----------------- 2 --------- ? - j ------- 2 -
2  (' + " 2 " b z ^ h /
Each model in Table 7.1 can be expressed in a similar form and
hence this program can be used to compare the different mechanisms.
The output data from the program include:-
(1) The parameter values and the residual sum of squares after each
iteration. This information is important because the rate of 
convergence to the minimum can be observed.
(2) The asymtotic standard deviations and correlations for the 
estimated parameters after the last iteration.
(3) For each set of data ^ 1 * ^ 2  **’ after the last iteration
(a) The original data.
(b) The value of the function.
(c) The residual.
(d) The standard deviation of the predicted rate.
Another method that was used to find the optimum values of the 
parameters for each model was a slightly modified version of the Nelder 
Mead^^^ function minimization program 'Nelsin’. The development and 
capabilities of this program were discussed in detail in Chapter 6 .
In this investigation it was simply used as a back-up program to check 
whether certain results obtained using the Biomedical least squares 
routine were mathematically acceptable.
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7.4.2 Power Function Models
The power function model as described in Section 7.1 can also 
be solved using both the Biomedical least squares program and the Nelder 
M e a d ^ f u n c t i o n  minimization program (Ref. Chapter 6 ). As described 
in Section 7.4.1 the Biomedical routine requires both the function:-
f ^^MCP^ (^Bz) (^Hc) " ^^MCP^ ^^BZ^*^
and its partial derivatives with respect to the various parameters, 
e.g.
Tk ~ (^MCp) ^^BZ^ (^Hc) '
)a " ^ ^^MCP^ (^Bz) ^^HC^
(N.B. All the other partial derivatives are of a similar form to (i) or
(ii).)
There was no facility built into either of the regression 
routines to restrict the exponents a-d and a'-d' to integral or half­
integral values. However, as a first estimate, it is reasonable to 
assume that an approximate solution can be reached by rounding the 
exponents up or down to the nearest integral of half-integral values.
7.5 Discussion of the Hougen-Watson Modelling Results
Non-linear regression analyses were carried out for every model 
developed in Section 7.2 using the rate data shown in Table 7.2.
Partial pressure data for the models was derived from the basic 
experimental results for Runs 38-45 (see Section 4.4). The partial 
pressure of the inhibitors referred to all paraffin products <C^. As 
discussed in Section 7.4.1., the main regression program was the 
Biomedical weighted least squares routine and some of the better results 
of this investigation are shown in Table 7.3. During the analysis the
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following program parameters were also studied to test the sensitivity 
and reliability of the results obtained
(1) Starting values for the function parameters.
(2) Boundary maximum.
(3) Boundary minimum.
(4) Tolerance - this value influences the ability of the 
diagonal elements in the system matrix.
(5) Convergence criterion.
In general the system was found to be insensitive to parameters
(2), (4) and (5). However, different fits were obtained when limits 
were put on the minimum values of the parameters and also when the 
starting values of the parameters were altered. Likely reasons for 
this are as follows
(A) The natural mathematical solutions for some of the parameters
resulted in negative values, e.g. see values for in
Table 7.3. In theory the Langmuir-Hinshelwood adsorption
isotherm does not allow negative values for individual
adsorption equilibrium constants because of the assumption
that competitive adsorption between different gases always
results in reduced adsorption of a single gas. Hence,
negative estimated values for the adsorption equilibrium
constants are often used as a means of differentiating between
1 1 3 .suggested models. However, Weller pointed out that there 
are numerous cases where competitive adsorption results in an 
increase in the adsorption of a single gas and therefore 
negative values for certain adsorption equilibrium constants 
are not unreasonable. For this reason both types of solution 
were sought, firstly with no restraints and secondly with 
boundary minimum values of zero.
(B) The lack of a discrete solution for a given model using 
different starting values for the parameters is a common
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fault in complex iterative procedures of this type (Ref. 
optimization of kinetic models in Chapter 6 ). It points 
to the conditioning of the response surface and the ability 
of the program to ’home-in’ on the true minimum (if it 
exists) rather than partial minima or points of inflection.
The question as to whether a true minimum exists is a very 
pertinent one and relates not only to the suitability of 
the function under consideration and the method of analysis, 
but also to the quality of the data being used. The 
problems of producing consistent experimental data were 
discussed in length in Chapter 4 and should be noted when 
considering the goodness of fit of different theoretical 
models.
The last two columns in Table 7.3 represent the percentage 
fit of the final function to the experimental data at twice and three 
times the standard deviation (a) of the predicted values for the 
dependent variable.
E.g.
Observed Value = Predicted Value ±2o = 95% Confidence Interval
= Predicted Value ±3a = > 99% Confidence Interval
Cases where the degree of fit at the 3a level is <50% can be discarded 
immediately since it can be considered that lack of fit is the more 
predominant factor. In many of these instances, the final values for 
some of the parameters are usually
(a) Large positive.
(b) Large negative (no boundary minimum).
(c) Small positive (boundary minimum zero).
These values indicate a lack of system stability which is either due 
to an inadequate model or unsuitable starting values/boundary conditions
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The cases in Table 4.2 where the percentage fit at 3a is >50% 
are shown in Table 7.4 along with the asymtotic standard deviations of 
the parameters. Based on this mathematical selection procedure the 
following models can be rejected;-
(A) Stoichiometric Models
1. Model (1) - Isomerization rate controlling, excluding the 
inhibition term.
2. Model (3) - Adsorption of MCP” on the acidic catalyst 
rate controlling, excluding the inhibition term.
3. Model (4) - Adsorption of MCP" on the acidic catalyst 
rate controlling, including the inhibition term.
(B) Non-Stoichiometri.c Models
4. Model (5) - Adsorption of MCP on the acidic catalyst 
rate controlling, excluding the inhibition term.
5. Model (10) - Adsorption of MCP on the acidic catalyst 
rate controlling, including the inhibition term.
6. Model (11) - Desorption of CH from the acidic catalyst 
rate controlling, excluding the inhibition term.
It can be seen that all the models involving the adsorption of 
MCP as the rate controlling step have been rejected on the basis that 
they are mathematically incompatible with the data used. This 
conclusion is not surprising since the amounts of MCP detected in the 
bulk phase were generally found to be very low (Ref. Chapters 4/5 and 
Section 7.2).
The number of acceptable cases in Table 7.4 can further be 
reduced by eliminating the cases which include insignificant values for 
one or more of the parameters; i.e. Program Runs 5,21,39 and 52. This 
results in the elimination of:-
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1. Model (2) - Isomerization rate controlling, including the 
inhibition term. (Stoichiometric Model).
2. Model (12) - Desorption of CH from the acidic catalyst rate 
controlling, including the inhibition term. (Non-Stoichiometric 
model).
i.e. The only models that are now left for further consideration are:-
(A) Stoichiometric Models (5) and (6) - Desorption of CH“ from 
the acidic catalyst rate controlling, both with and without 
the inhibition term.
(B) Non-Stoichiometric Models (7) and (8) - Isomerization reaction 
on the acidic catalyst rate controlling, both with and without 
the inhibition term.
The values for the parameters in these models as expressed in Equations 
7.26/27/29 and 30 are shown in Table 7.5. It appears that no advantage 
is gained by including the inhibition terms in Models (6) and (8).
Therefore these two models can be rejected on the basis that increased 
model complexity is only desirable if it produces a significant 
improvement in the fit. If the mean values for the parameter 
combinations in Models (5) and (7) are examined more closely, it can be 
shown that in many respects the two models are very similar.
e.g. Consider Model (7) (Runs 1,6,12 and 13)
* *
if k = 0.75
and KyK^ = 118
* -3then k = 6.4 x 10 g.moles/(hr. g.catalyst)
K? = 2589 bar^
Now consider Model (5) (Runs 63,66) 
K^K* (1 + Kg) = 310 
Model (7) K^K* = 1 1 8
i.e. Kg — 1.63
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*** *
Now k KyKg^j = 1 . 5 0
*** —3
k___________= 7.8 X 10 g.moles/(hr.g.catalyst)
* 4 3K = 6.5 X 10 bar
The comparison shows that the rate coefficients in each case are very 
similar and that the equilibrium constants K and vary by a factor of 
approximately 25. This is roughly equivalent to a mean value for the 
hydrogen partial pressure where
p p ^/p* BZ '^MCP
-*---------- T   = Fg
,*̂4 ^̂ MCP ^
*The parameter in Model (7) has a likely negative value of
3-3.8 Bar or a very small positive value if a boundary minimum of zero
is imposed in the Biomedical routine (Ref. 7.4.1). As discussed
earlier in this section, a negative value for a parameter is often
considered to be theoretically unacceptable because it contravenes one
113of the assumptions of the Langmuir isotherm . Therefore, there is 
an argument for rejecting Model (7) on this basis. Model (7) could 
also be rejected on the grounds that it is more complex mathematically 
than Model (5) (4 parameter groupings compared to 3 in Model (5)) 
and that it is not stoichiometrically sound (Ref. Section 7.2.4).
Before completing this examination of the hyperbolic Hougen- 
Watson type models, two other minor investigations were carried out.
The first of these involved the analysis of Models (7) and (8) using 
the Nelder Mead^^^ function minimization program discussed in Chapter 6. 
The results of this study are shown in Table 7.6 for different starting 
values and initial step lengths. Once again, there is no discrete 
solution and different final values for the parameters are obtained for 
different starting conditions, particularly for Model (8). This can be 
seen by examining the minimum values of the error function in Table 7.6 
which should be zero for a perfect fit.
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If the two best fits are considered for Model (7) (Program Run 
Nos. 117 and 118), the values for the parameters in terms of equation
7.29 (Section 7.2.6) are:-
* * 
k K^Kj = 2.72
K* = 2406 Bar^4
K^K* = 695
1/K* = 1.0
i.e. k = 3.9 x 10 ^ g.mole/(hr.g.catalyst)
These values are slightly different to those obtained using 
the Biomedical least squares regression program. However, considering 
the completely different methods of approach, the comparison is very 
favourable. In the second minor investigation, the individual data 
from data from each experimental run (Runs 38-45) was analysed for Model (7) 
using the Biomedical least squares routine. The purpose of this exercise 
was to see if any of the individual rate profiles produced particularly 
good/bad fits. The results obtained are rather inconsistent (Ref.
Table 7.7) and therefore of little use. The main reason for this is 
that the number of data points available for each analysis was too small.
In conclusion the two rate models which have been selected 
mathematically in this section are both feasible from an experimental 
viewpoint, since both would explain the absence of CH in the bulk gas 
phase and the low bulk MCP concentrations that were detected. However, 
the percentage fits of these models to the experimental data are still 
not good, i.e. it cannot be concluded with any certainty that these 
models are representative of the kinetic system. Therefore further 
experimental work is required to produce more consistent data for 
analysis. The possible reasons for the lack of fit have already been 
discussed in detail throughout this section. In general, it appears 
that the ultimate lack of fit can be attributed to a systematic 
build-up of errors, firstly in the actual experiments, secondly in
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the curve fitting procedures and thirdly in the mathematical modelling 
techniques.
7.6 Discussion of the Power Function Modelling Results
The analysis of the power function model outlined in Section 
7.4.2 using the Biomedical least squares routine (Ref. Section 7.4.1) 
did not produce any sensible results because of lack of convergence. 
The reasons for this are unclear since many different parameter 
starting values and boundary conditions were tried. Therefore the 
function equation was solved using the Nelder-Mead^^^ minimization 
program (Ref. Chapter 6 for program details). The results obtained 
were generally inconsistent and there was no evidence to suggest that 
a suitable fit had been achieved. It appears that either the 
particular model was not suitable for the data under consideration or 
that the mathematical routines used could not cope with the function 
due to ill-conditioning of the response surface.
No further attempts were made to investigate:-
(a) Alternative/simp1er power function models.
(b) The exact reasons for the mathematical failures.
(c) Alternative programming routines for the mathematical 
solution of the function.




FINAL CONCLUSIONS AND RECOMMENDATIONS
(1) The experimental results from the packed bed reactor (using the 
dosed C^-naphtha/H^ feed) can be summed up as follows
(a) Steady state operation proved to be very difficult. Efforts 
were made to reduce inherent process instabilities by 
manipulating the choice of hydrocarbon feed and catalyst bed 
configuration. This reduced the heat effects in the bed due 
to the higl\ly endothermie MCP— ►BZ reaction. Other factors, 
however, such as variable catalyst activity and fluctuations 
in process parameters meant that the results obtained were 
difficult to reproduce and hence relate.
(b) The benzene concentration profile often reached a maximum 
in the catalyst bed before declining as the slower cracking 
reactions to light products became significant. The suggested
nature of this reconversion is via the reverse of the
traditional MCP/BZ sequence since no direct evidence was 
found of intermediates expected in any other route.
(c) Equilibrium was often established and maintained between 
the Cg paraffins (n-Hex, 2MP, 3MP). Approximate values for 




(2) Conclusions that can be reached from the experimental programme 
using the spinning basket reactor are :-
- 175 -
(a) The results (using an MCP/Hg feed) are of limited use because 
of control instabilities and variable catalyst activity. 
Catalyst studies did demonstrate, however, that the bimetallic 
Pt-Rc reforming catalyst is more active at lower temperatures 
and more selective to BZ production (i.e. reduced level of 
decyclization and light cracking reactions).
(b) The experiments with an n-Hex/H^ feed showed that BZ production 
could be explained via the traditional route with MCP as the 
first intermediate. No direct evidence was found of any 
alternative^ routes. The estimated value of the endothermie 
heat of reaction MCP -► BZ was »~50 Kcal/mole, which agrees 
tolerably with the quoted literature values.
(3) The kinetic modelling of the spinning basket reactor results was 
inconclusive and had to be abandoned. Possible reasons for this 
failure are
(a) The nature of the models proposed, which could essentially 
be regarded as homogeneous.
(b) Lack of stability of the mathematical techniques used.
(c) Inconsistencies in the experimental data.
(4) The kinetic modelling of the packed bed reactor results using
21Hougen-Watson type models proved to be more successful, although 
problems were encountered with analysis instabilities in the 
regression programs and lack of reproducible experimental datai.
The most successful model for the reaction MCP^=îïBZ was :-
*** * , , 2 .
^ ^ k KyKgK,
1 +  K ^ K *  ( l + K g )  P a c p / ^ H ^
- 1 7 6 -
At ‘*'500 °C the constants have the values :-
*** -3k = 7.8 X 10 g.moles/hr.g cat.
* 4 3K = 6.5 X  10 bar
K^Kj = 118
Kg = 1 . 6 3
This model assumes that the desorption of cyclohexene from the acidic 
alumina is rate controlling.
(5) The following recommendations should be considered if further work 
is attempted in this field using this equipment :-
(a) Attention should be paid to improving the overall flow 
control of both hydrogen and hydrocarbons through the system.
(b) If the spinning basket reactor is used, the limitations of 
temperature and hydrocarbon partial pressure should be 
removed.
(c) Ideally the system should be run continuously so that variable 
catalyst activity is minimized, i.e. equipment/safety 
improvements should be geared to this eventual aim.
(d) Initially, work should be carried out to develop a more sound 
kinetic model for the M C P ^ ^ B Z  reaction (based on the Hougen- 
Watson approach) and then the packed bed reforming unit can 
be used to study heat and mass transfer.
(e) Further development of the mathematical approach to the problem 
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Fig.1.2 Cyclic Poverformer Flow Diagram
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Fig.1 .5 . Rheniformer Flow Diagram^



















Pig.1.6. General Powerforming Model Proposed by Bimgaard-Nielsen
and Henningsen^^





(a ) Measairement of radial temperature profiles.
(b ) Direct measurement of linear mean cross-sectional temperature.
(c )/(d ) Direct measurement of the areal mean cross-sectional temperature.
Thermocouple arrangements used by Pexidr 94
Fig. 5.1
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Radial temperatare profiles discussed by Sgarlata Lattmann94
Fig. 3.2
Key to Fig 3.3
1. Solenoid Valve; NC = Normally Closed, NO = Normally Open
(Manufacturer;- Dewrance-Asco)
2. De-Oxo Unit^ Palladised asbestos (Manufacturer:- BDH Ltd) 
at approx 40 C,
3. Drying Unit; Type 4A molecular sieves (Manufacturer:- Union 
Carbide).
4. Graduated Feed Burettes
5. Liquid Hydrocarbon Drying Unit; Silica Gel.
6. Acetone/Drikold Precooler.
7. Metering Pump ; Capacity 0-3 L/hr Max Discharge Pressure = 38 Bar g
Manufacturer:- Metering Pumps Ltd).
8. Reactor Preheater. (Manufacturer:- Wild-Barfield Ltd).
9. Tape Heater.
10. Fixed Bed Reforming Reactor (Manufacturer:- Baskerville and
Lindsay Ltd).
11. Bursting Disc Relief Valve (Manufacturer:- Baskerville and
Lindsay L t d ) .
12. Fan and Heating Element for Sampling Oven.
13. Water Cooled Heat Exchanger.
14. Drikold Jacketed Separator.
15. Dry Gas Meter; Capacity 0-5000 Litres/hr
(Manufacturer:- Parkinson-Cowan Ltd).
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Cross-section of Reactor Tube
Fig.3.7
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l:belt drive groove 
2:outer magnet bearings 
5:upper bearing 
4:0 ring seals 
5: outer magnet 





11 : inlet port 
12:catalyst basket 
1 5 :reactor pot 
14:baffles 
1 5 :outlet port 
16:purge point
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Details of Spinning Basket Reactor Baskets anfl Chamber
Fig. 5.9
Key to Fig 3.10
1. Solenoid Valve; NC E Normally Closed, NO E Normally Open.
2. Heated Palladium on Charcoal De-Oxo Unit.
3. Molecular Sieves, Type 4A (to remove moisture),
4. Hydrocarbon Saturator.
5. Water Bath with Temperature Controller.
6. Reactor Preheater,
7. Spinning Basket Reactor.
8. Drikold Jacketed Separator.
9. Dry Gas Meter.
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APPENDIX B
— B 1 —
Process Name Company which Developed Process AnnouncementDate
Fixed-Bed Hydro- 
forming
*Standard Oil Development Co
M  W  Kellogg Co
and
Standard Oil Co (Indiana) 1939
Platfonning Universal Oil Products Co Mar 1949





**Socony-Vacuum Oil Co Inc
May 1951 
May 1951
Fluid Hydroforming Standard Oil Development Co 
and
M  W  Kellogg Co May 1951
Hyperforming Union Oil Co of Calif Feb 1952
Sinclair-Baker RD— 150 Baker & Co 
with
Sinclair Refining Co May 1953
Orthoforming M  W  Kellogg Co July 1953
Ultraforming Standard Oil Co (Indiana) Nov 1953
Sovaforming Socony-Vacuum Oil Co Inc Jan 1954
Rexforming Universal Oil Products Co Mar 1955
Iso-plus Houdry Process Corp Mar 1955
Powerforming Esso Research 
and
Engineering Co Mar 1956
* Now Esso Research and Engineering Co 
** Now Socony Mobil Oil Co Inc
Industrial Catalytic Reforming Processes
Table 1.1
— B 2 —
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Key to Fig 3.3
1. Solenoid Valve; NC = Normally Closed, NO = Normally Open
(Manufacturer:- Dewrance-Asco)
2. De-Oxo Unit^ Palladised asbestos (Manufacturer:- BDH Ltd)
at approx 40 C.
3. H Drying Unit; Type 4A molecular sieves (Manufacturer:- Union
Carbide).
4. Graduated Feed Burettes
5. Liquid Hydrocarbon Drying Unit; Silica Gel.
6. Acetone/Drikold Precooler.
7. Metering Pump ; Capacity 0-3 L/hr Max Discharge Pressure = 38 Bar
Manufacturer:- Metering Pumps Ltd).
8. Reactor Preheater. (Manufacturer:- Wild-Barfield Ltd).
9. Tape Heater.
10. Fixed Bed Reforming Reactor (Manufacturer:- Baskerville and
Lindsay L td).
11. Bursting Disc Relief Valve (Manufacturer:- Baskerville and
Lindsay L t d ) .
12. Fan and Heating Element for Sampling Oven.
13. Water Cooled Heat Exchanger.
14. Drikold Jacketed Separator.
15. Dry Gas Meter; Capacity 0-5000 Litres/hr
(Manufacturer:- Parkinson-Cowan Ltd).
16. Liquid Hydrocarbon Collection Vessel.
Table 3.1
— B 4 —
Materials Used:-
1. Hydrogen - 99.9% purity. main impurity nitrogen..
(Supplier: - Air Products Ltd)
2. Me t hy cy c lop en t ane (Supplier: - Koch-Light Laboratories)
Specification - Pure Grade
3. - Naphtha (Supplier: - I C I )







4. N - Hexane (Supplier: - B D H  Ltd)
5. Reforming Catalysts (Supplier: - Universal Matthey Ltd)
Type 0.375% Pt/AlgO^
0.75% Pt/Al 0
Pt/Rh bimetallic on AlgO^
6. Inert Pellets (Supplier: - Hydronyl Ltd)
Type:- Inert Alumina
7. Air, Nitrogen for G L C (Supplier: - Air Products Ltd)
n.b. Other chemicals were used on a routine basis from various 
manufacturers.
Table 3.2
G L c Conditions
— B 5 —
Column 50/50% mixture of dinonylphthalate 
and squalane supported on 30-80 mesh 
celite. Stationary phase loadings 
15% w/w.
Sample Size 2 ml
G L C Oven Temp » —  70°C
Carrier Gas Flow 50 ml/min
Hydrogen flow to F I D —  50 ml/min
Air Flow to F I D 750 ml/min
Table 3.3
— B 6 —
Key to Fig 3.10
1. Solenoid Valve; NC = Normally Closed, NO = Normally Open.
2. Heated Palladium on Charcoal De-Oxo Unit.
3. Molecular Sieves, Type 4A (to remove moisture).
4. Hydrocarbon Saturator.
5. Water Bath with Temperature Controller.
6. Reactor Preheater.
7. Spinning Basket Reactor.
8. Drikold Jacketed Separator.
9. Dry Gas Meter.







R9, 0.375% Pt/AlgOg, x j"
420 psia = 28.94 Bar
2/1 mixture of diluent and reforming 
catalyst












13 301 38.8 7.14 5.43
14 351 38.8 6.76 5.74
15 403 36.9 6.76 5.46
16 452 36.9 6.99 5.28
17 488 36.9 6.68 5.53
18 526 36.9 6.83 5.40
Table 4.1
— B 8 —
Conversions
Run Mean Compound Valve Valve. Valve Valve Valve Valve
Number Temp(oC) Type 11 10 9 8 7 6
13 301 MCP* — — — _ _
14 351 MCP 4.84 27.17 35.14 41.25 48.51 55.48
15 403 MCP 18.38 74.05 85.41 91.62 97.70 98.24
16 452 MCP 42.11 83.82 85.92 92.24 95.40 97.90
17 488 MCP 40.33 90.93 94.05 98.11 98.92 99.05
18 526 MCP 50.73 88.92 95.63 97.81 99.71 99.71
MCPi- - MCP ^
. conversion —
M C P i 2
13 301 BZ - - - — - —
14 351 BZ - - - - - -
15 403 BZ 0.95 0.81 0.95 0.68 0.54 0.68
16 452 BZ 2.24 2.90 3.16 3.03 3.29 2.63
17 488 BZ 4.47 7.31 6.23 6.90 5.68 5.82




13 301 2MP 0.65 0.52 0.65 0.78 1.05 1.18
14 351 2MP 2.14 10.38 13.23 15.36 19.06 21.91
15 403 2MP 5.95 17.30 18.38 20.00 19.05 14.87
16 452 2MP 12.50 14.49 17.76 17.50 18.16 15.66
17 488 2MP 9.34 9.07 11.10 6.50 7.85 5.55
18 526 2MP 9.19 10.06 7.15 5.68 1.60 0.88
2MP 2MP__
L iO n V B iS lO T l
M C P i 2
13 301 3MP - 0.79 0.79 0.91 1.05 1.18
14 351 3MP 2.13 6.83 8.39 9.53 11.10 12.66
15 403 3MP 4.32 11.89 12.70 13.92 14.05 12.03
16 452 3MP 8.82 12.11 14.47 14.61 15.79 14.21
17 488 3MP 7.71 8.80 10.56 7.85 8.80 7.44
18 526 3MP 7.00 8.46 6.71 6.27 3.79 3.35
Conversion =
12
13 301 NHex 0.27 0.53 0.53 0.66 0.92 1.05
14 351 NHex 0.99 8.67 11.38 13.23 15.65 18.92
15 403 NHex 5.81 17.92 19.16 21.21 20.54 16.62
16 452 NHex 11.84 16.18 18.54 18.02 19.07 18.42
17 488 NHex 10.56 10.56 12.54 12.31 8.66 6.90
18 526 NHex 9.62 10.50 7.29 5.98 2.63 2.04
NHex ^ - NHex- „ out 12
M C P 1 2
* approximately zero conversion
Table 4.2
- B 9 -
Run Mean Property Valve Valve Valve Valve Valve Valve ValveNumber Temp (OC) 12 11 10 9 8 7 6
15 403 Sa - 0.05 0.01 0.01 <0.01 <0.01 <0.0116 452 SA - 0.06 0.04 0.04 0.03 0.03 0.03
17 488 ^A - 0.12 0.10 0.08 0.08 0.06 0.06
18 526 sf - 0.10 0.24 0.24 0.19 0.21 0.21
g
BZ conv
A MCP conv BZ conv
15 403
1
- 0.05 0.01 0.01 <0.01 <0.01 <0.01
16 452 - 0.05 0.03 0.04 0.03 0.03 0.03
17 488 - 0.11 0.08 0.07 0.07 0.06 0.06
18 526 • - 0.09 0.20 0.19 0.16 0.18 0.18
BZ conv
B MCP conv
15 403 BZ/MCF - 0.01 0.03 0.06 0.08 0.24 0.38
16 452 B Z / M C P T - 0.04 0.18 0.22 0.40 0.71 1.25
17 488 BZ/MCP - 0.07 0.81 1.05 3.64 5.25 6.14





15 403 2MP/3MP - 3.09 2.08 2.03 1.97 1.88 1.85
16 452 2MP/3MP - ' 2.29 1.86 1.76 1.73 1.64 1.65
17 488 2MP/3MP - 2.25 1.91 1.78 1.81 1.77 1.78






15 403 2MP/NHex 4.58 1.80 1.30 1.24 1.20 1.20 1.22
16 452 2MP/NHex 3.69 1.45 1.23 1.24 1.25 1.22 1.14
17 488 2MP/NHex 3.35 1.35 1.31 1.28 0.97 1.42 1.44






15 403 NHex/3MP • - 1.72 1.60 1.64 1.64 1.58 1.52
16 452 NHex/3MP - 1.58 1.51 1.43 1.38 1.34 1.44
17 488 NHex/3MP - 1.67 1.46 1.40 1.86 1.25 1.24











R9, 0.375% Pt/AlgOg, x pellets
2/1 Mixture of diluent and reforming 
catalyst
= 100 ml diluent + 400 ml mixed 














21 35.50 32.68 2.82 11.59
19 28.94 26.75 2.19 12.19
22 25.15 23.02 2.13 10.82
23 21.70 19.98 1.72 11.59
24 16.88 15.59 1.28 12.18
Table 4.4




















21 35.50 MCP 56.41 94.26 98.82 99.56 100.0 100.0
19 28.94 MCP 54.70 90.00 98.03 98.93 99.70 99.85
22 25.15 MCP 55.39 93.08 98.62 99.54 100.0 100.0
23 21.70 MCP 54.06 92.50 98.75 99.37 100.0 100.0
24 16.88 MCP 12.43 24.03 47.33 53.28 71.43 79.16
21 35.50 BZ 0.88 6.33 5.01 4.56 2.80 1.77
19 28.94 BZ 2.27 8.94 8.48 7.87 5.30 5.15
22 25.15 BZ 3.85 8.62 10.77 6.77 6.15 4.62
23 21.70 BZ 4.22 13.13 12.66 11.56 9.38 7.81
24 16.88 BZ 2.18 9.75 25.37 27.90 40.17 47.90
21 35.50 2MP 7.06 5.30 2.06 <0.0 <0.0 <0.0
19 28.94 2MP 8.94 9.39 5.61 3.18 <0.0 <0.0
22 25.15 2MP 7.84 6.92 2.77 <0.0 <0.0 <0.0
23 21.70 2MP 7.65 7.65 2.19 0.16 <0.0 <0.0
24 16.88 2MP 0.67 2.35 , 6.05 7.06 8.07 9.41
21 35.50 3MP 6.04 6.33 4.57 2.95 0.88 0.59
19 28.94 ‘ 3MP 6.82 8.64 6.36 5.15 2.27 1.67
22 25.15 3MP 6.15 6.77 4.31 2.46 0.61 0.0
23 21.70 3MP 6.25 7.03 4.06 3.13 0.94 0.31
24 16.88 3MP 1.07 2.18 4.71 4.03 6.89 6.89
21 35.50 NHex 7.81 6.92 4.12 1.77 <0.0 <0.0
19 28.94 NHex 9.39 10.30 6.52 4.39 3.48 0.15
22 25.15 NHex 8.62 7.85 4.00 1.38 <0.0 <0.0
23 21.70 NHex 8.13 7.97 2.97 1.72 <0.0 <0.0
24 16.88 NHex 1.34 3.03 8.91 6.72 11.60 10.25
Table 4.5



















21 35.50 S a — 0.02 0.07 0.05 0.05 0.03 0.02
19 28.94 sf - 0.04 0.11 0.09 0.09 0.06 0.05
22 25.15 st - 0.07 0.10 0.12 0.07 0.07 0.05
23 21.70 st - 0.08 0.17 0.15 0.13 0.10 0.09
24 16.88 0.21 0.68 1.15 1.10 1.29 1.53
21 35.50 S. 0.02 0.07 0.05 0.05 0.03 0.02
19 28.94 Sg - 0.04 0.10 0.09 0.08 0.05 0.05
22 25.15 Sg - 0.07 0.09 0.11 0.07 0.06 0.05
23 21.70 si - 0.08 0.14 0.13 0.12 0.09 0.08
24 16.88 0.18 0.41 0.54 0.52 0.56 0.61
21 35.50 BZ/MCP 0.02 1.10 4.25 10.33
19 28.54 BZ/MCP - 0.05 0.89 4.31 7.43 17.50 34.00
22 25.15 BZ/MCP - 0.08 6.67 14.67 - -
23 21.70 BZ/MCP - 0.09 1.75 10.13 18.50 - -
24 16.88 BZ/MCP 0.02 0.13 0.48 0.60 1.41 2.30
21 35.50 NHex/3MP 5.67 1.59 1.39 1.32 1.26 1.22 1.14
19 28.94 NHex/3MP 13.00 1.63 1.40 1.30 1.20 2.25 1.17
22 25.15 NHex/3MP 4.67 1.63 1.38 1.29 1.21 1.14 1.33
23 21.70 NHex/3MP 7.50 1.59 1.40 1.21 1.18 1.13 1.00
24 16.88 NHex/3MP 13.0 3.00 2.21 2.28 2.12 2.00 1.80
21 35.50 2MP/3MP 17.00 2.25 1.89 1.91 1.91 2.33 2.29
19 28.94 2MP/3MP 45.00 2.26 1.84 1.91 1.89 2.25 2.33
22 25.15 2MP/3MP 15.33 2.26 1.94 2.06 2.16 2.57 4.00
23 21.70 2MP/3MP 23.00 2.26 2.02 2.14 2.13 2.75 2.75
24 16.88 2MP/3MP 43.00 6.71 ' 4.07 2.72 3.40 2.32 2.41
21 35.50 2MP/NHex 3.00 1.41 1.36 1.44 1.52 1.91 2.00
19 28.94 2MP/NHex 3.46 1.39 1.32 1.46 1.57 1^00 2.00
22 25.15 2MP/NHex 3.29 1.39 1.40 1.60 1.78 2.25 3.00
23 21.70 2MP/NHex 3.07 1.42 1.44 1.76 1.81 2.44 2.75
24 16.88 2MP/NHex 3.31 2.24 1.84 1.20 1.60 1.16 1.34
Table 4.6







R9, 0.375% Pt/Al^O^, x i" pellets
2/1 Mixture of diluent and reforming 
catalyst
100 ml diluent + 400 ml diluent and 
reforming catalyst
5 0 5 0 c
36.1 M o les/Hr











25 36.87 5.54 5.65 6.52
* 26 35.50 3.93 8.03 4.97
27 34.12 4.12 7.29 4.85
28 34.12 4.05 7.44 4.81
29 33.77 3.10 9.89 3.57
30 31.36 2.60 11.06 3.42
31 29.98 0.49 60.71 0.58
* Not used to determine mean conditions
Table 4.7 
*




















25 5.54 MCP 14.00 40.73 66.73 75.27 93.09 91.82
26 3.93 MCP 26.51 64.32 - 84.62 - 95.25
27 4.12 MCP - 32.12 - 93.30 - 98.66
28 4.05 MCP 23.91 76.09 91.03 94.70 97.83 99.18
29 3.10 MCP 30.41 64.07 95.62 95.90 99.01 99.29
30 2.60 MCP 39.48 93.08 98.56 99.42 100.0 100.0
31 MCP 62.69 95.98 100.0 100.0 100.0
25 5.54 BZ 6.91 22.18 31.82 29.09 34.00 36.91
26 3.93 BZ 14.40 29.62 - 44.19 - 35.19
27 4.12 BZ - 19.01 - 24.23 - 20.88
28 4.05 BZ , 4.35 16.03 20.79 20.24 22.96 16.71
29 3.10 BZ 4.67 10.75 12.02 12.59 9.34 7.64
30 2.60 BZ 3.74 9.08 8.65 7.49 4.61 3.31
31 0.49 BZ 2.87 8.75 3.73 2.30 0.0
25 5.54 2MP 4.18 8.73 11.09 12.00 9.45 10.73
26 3.93 2MP 4.09 8.35 - 9.98 - 8.67
27 4.12 2MP - 9.91 - 10.98 - 5.89
28 4.05 2MP 6.11 13.72 11.82 10.46 9.24 6.52
29 3.10 2MP 5.80 11.74 9.34 7.36 2.69 1.27
30 2.60 2MP 6.34 7.49 4.47 1.30 <0.0 <0.0
31 0.49 2MP 4.16 6.60 <0.0 <0.0 <0.0
25 5.54 3MP 1.81 8.18 11.27 8.18 13.82 14.73
26 3.93 3MP 5.24 11.62 - 12.44 - 8.51
27 4.12 3MP - 11.24 - 8.70 - 7.76
28 4.05 3MP 3.40 9.10 9.65 9.78 9.51 6.79
29 3.10 3MP 6.08 10.61 10.18 10.18 5.09 4.24
30 2.60 3MP 5.33 6.05 4.61 5.48 1.73 1.44
31 0.49 3MP 4.73 8.75 2.87 0.43 0.0
25 5.54 NHex 4.72 13.81 14.91 16.18 13.81 14.91
26 3.93 NHex 7.36 12.77 - 13.75 - 9.98
27 4.12 NHex - 12.72 - 10.84 - 6.96
28 4.05 NHex 4.89 14.81 12.64 11.41 9.92 6.66
29 3.10 NHex 7.07 13.86 10.89 9.34 3.54 2.55
30 2.60 NHex 7.93 9.51 5.62 3.46 0.29 <0.0
31 0.49 NHex 6.31 10.04 3.44 <0.0 <0.0
Table 4.8



















25 5.54 — 0.97 1.19 0.91 0.63 0.58 0.67
26 3.93 - 1.19 0.85 - 1.09 - 0.59
27 4.12 sf - - 1.45 - 0.35 - 0.27
28 4.05 - 0.22 0.27 0.30 0.27 0.31 0.20
29 3.10 - 0.18 0.20 0.14 0.15 0.10 0.08
30 2.60 ®A - 0.10 0.11 0.10 0.08 0.05 0.0331 0.49 < 0.05 0.10 0.04 0.02
25 5.54 s„ 0.49 0.54 0.48 0.39 0.37 0.40
26 3.93 S® - 0.54 0.46 - 0.52 - 0.37
27 4.12 Sg - - 0.59 - 0.26 - 0.21
28 4.05 Sg - 0.18 0.21 0.23 0.21 0.23 0.17
29 3.10 Sg - 0.15 0.17 0.13 0.13 0.09 0.08
30 2.60 - 0.09 0.10 0.09 0.08 0.05 0.03
31 0.49 4 0.05 0.09 0.04 0.02
25 5.54 2MP/NHex 3.36 1.75 1.06 1.13 1.10 1.10 1.10
26 3.93 2MP/NHex 4.00 1.18 1.03 - 1.07 - 1.31
27 4.12 2MP/NHex 3.13 - 1.10 - 1.34 - 1.36
28 4.05 2MP/NHex 5.42 1.69 1.20 1.25 1.26 1.33 1.5-
29 3.10 2MP/NHex 2.17 1.25 1.10 1.16 1.15 1.44 1.44
30 2.60 2MP/NHex 3.53 1.32 1.24 1.48 1.49 1.87 1.92
31 0.49 2MP/NHex 4.36 1.40 1.16 1.33 2.83
■
25 5.54 2MP/3MP . 7.00 2.11 1.74 2.51 1.30 1.31
26 3.93 2MP/3MP - 2.03 1.28 - 1.32 - 1.79
27 4.12 2MP/3MP 15.67 - 1.39 - 1.90 - 1.49
28 4.05 2HP/3MP - 2.92 2.07 1.76 1.60 1.51 1.72
29 3.10 2MP/3MP , - 2.12 1.77 1.61 1.42 1.92 ' 1.97
30 2.60 2MP/3MP - 2.43 2.33 2.41 1.96 2.33 2.50
31 0.49 2MP/3MP
■
2.33 1.54 1.60 5.66
■
25 5.54 NHex/3MP . 4.00 2.00 1.55 2.29 1.18 1.19
26 3.93 NHex/3MP - 1.72 1.24 - 1.24 - 1.37
27 4.12 NHex/3MP 5.00 - 1.26 - 1.41 1.10
28 4.05 NHex/3MP - 1.72 1.73 1.41 1.26 1:14 1.12
29 3.10 NHex/3MP - 1.69 1.61 1.39 1.24 1.33 1.37
30 2.60 NHex/3MP - 1.83 1.88 1.63 1.32 1.25 1.30
31 0.49 NHex/3MP
■
1.66 1.33 1.20 2.00
25 5.54 BZ/MCP _ 0.08 0.37 0.96 1.18 4.92 4.51
26 3.93 BZ/MCP - 0.20 0.83 - 2.87 - 7.41
27 4.12 BZ/MCP - - 0.62 - 3.62 - 15.60
28 4.05 BZ/MCP - 0.06 0.67 2.32 3.82 10.56 20.50
29 3.10 BZ/MCP - 0.07 0.53 2.74 3.07 9.43 10.80
30 2.60 BZ/MCP - 0.06 1.31 6.00 13.00 - -
31 0.49 BZ/MCP 0.08 2.18
"
Table 4.9






Mean HC Partial Pressure
R9, 0.375% Pt/Al^O^, x pellets
2/1 Mixture of diluent and reforming 
catalyst















32 36'. 19 33.19 11.09 3.49
33 29.98 26.85 8.69 4.66
34 26.53 23.51 7.79 5.13
35 23.08 20.13 6.81 5.90
36 19.63 16.57 5.42 7.45
37 16.19 13.04 4.16 9.47
* 38 33.43 30.18 9.28 4.25
* Not used to determine mean conditions.
Table 4.10




















32 33.19 MCP 27.15 88.46 98.05 99.19 100.0 100.0
33 26.85 MCP 67.91 92.09 95.67 96.72 99.55 100.0
34 23.51 MCP 51.32 76.98 91.50 94.42 99.12 99.56
35 20.13 MCP 48.87 81.64 89.68 93.63 98.63 98.94
36 16.57 MCP - 57.55 - 84.88 - 97.86
37 13.04 MCP 6.99 26.60 47.11 49.24 77.21 83.74
38 30.18 MCP 20.09 66.91 88.04 93.94 99.26 98.97
32 33.19 BZ 1.95 8.46 6.34 5.20 1.63 1.95
33 26.85 BZ 2.38 6.87 14.78 13.73 12.54 8.21
34 23.51 BZ 3.67 14.22 17.30 19.79 18.48 16.86
35 20.13 BZ 3.19 13.81 20.94 22.00 25.19 22.91
36 16.57 BZ - 20.45 - 33.74 - 38.63
37 13.04 BZ 1.67 11.25 22.64 25.38 41.34 44.98
38 30.18 BZ 4.14 11.23 15.95 16.99 13.44 10.19
32 33.19 2MP 6.50 10.57 4.55 1.63 <0.0 <0.0
33 , 26.85 2MP 1.34 5.52 7.61 6.27 1.64 <0.0
34 23.51 2MP 0.60 9.09 10.12 9.53 5.43 3.08
35 20.13 2MP 2.89 11.23 14.11 13.05 9.86 6.98
36 16.57 2MP - 9.61 - 12.37 - 8.70
37 13.04 2MP 0.0 2.43 5.32 5.93 9.73 10.49
38 30.18 2MP 3.99 9.31 11.08 9.60 4.28 3.55
32 33.19 3MP 6.02 9.59 7.15 5.20 1.30 1.63
33 26.85 3MP 3.88 6.87 8.36 7.01 4.63 2.83
34 23.51 3MP 2.35 8.80 10.26 9.38 7.04 6.01
35 20.13 3MP 3.03 9.26 10.47 10.17 8.19 6.83
36 16.57 3MP - 7.48 - 9.77 - 7.33
37 13.04 3MP 0.91 2.89 4.56 4.86 6.99 7.29
38 30.18 3MP 3.54 8.12 9.90 9.31 6.36 5.61
32 33.19 NHex 7.64 12.68 6.99 4.07 <0.0 <0.0
33 26.85 NHex 4.18 6.87 9.40 7.76 3.88 1.79
34 23.51 NHex 2.05 10.55 11.29 10.55 5.72 4.11
35 20.13 NHex 3.49 11.84 13.20 11.85 8.50 6.37
36 16.57 NHex - 10.38 - 11.76 - 7.94
37 13.04 NHex 0.61 3.80 7.45 7.29 9.57 9.88
38 30.18 NHex 5.47 11.96 14.33 12.85 7.53 6.79
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32 33.19 Sa - 0.08 0.11 0.07 0.06 0.02 0.02
33 26.85 - 0.04 0.08 0.18 0.17 0.14 0.09
34 23.51 4 - 0.08 0.23 0.23 0.27 0.23 0.2035 20.13 4 - 0.07 0.20 0.30 0.31 0.34 0.3036 16.57 Sa - - 0.55 - 0.66 - 0.65
37 13.04 - 0.31 0.73 0.93 1.06 1.15 1.16
38 30.18
i
0.26 0.20 0.22 0.22 0.16 0.11
32 33.19 Sg 0.07 0.10 0.06 0.05 0.02 0.02
33 26.85 Sg - 0.04 0.07 0.15 0.14 0.13 0.08
34 23.51 Sg - 0.07 0.18 0.19 0.21 0.19 0.17
35 20.13 Sg - 0.07 0.17 0.23 0.23 0.26 0.23
36 16.57 s! - - 0.36 - 0.40 - 0.39
37 13.04 - 0.24 0.42 0.48 0.52 0.54 0.54
38 30.18 4 0.21 0.17 0.18 0.18 0.14 0.10
32 33.19 2MP/NHex 3.33 1.45 1.24 1.34 1.50 2.22 1.75
33 26.85 2MP/NHex 3.13 1.34 1.40 1.28 1.35 1.45 1.36
34 23.51 2MP/NHex 2.63 1.72 1.27 1.28 1.31 1.56 1.58
35 20.13 2MP/NHex 3.50 1.74 1.29 1.36 1.42 1.57 1.63
36 16.57 2MP/NHex 3.58 - 1.34 - 1.41 - 1.58
37 13.04 2MP/NHex 3.28 2.50 1.60 1.29 1.37 1.43 1.46
38 30.18 2MP/NHex 16.33 1.90 1.33 1.24 . 1.27 1.44 1.49
32 33.19 2MP/3MP 2.43 1.95 1.77 1.87 2.50 2.10
33 26.85 2MP/3MP - 2.27 1.89 1.80 1.96 1.97 2.00
34 23.51 2MP/3MP - 3.88 2.00 1.81 1.92 1.98 1.93
35 20.13 2MP/3MP - 2.05 1.90 1.96 1.91 1.98 1.96
36 16.57 2MP/3MP - - 2.22 - 1.98 - 2.15
37 13.04 2MP/3MP - 7.50 3.26 2.70 2.66 2.39 2.40
38 30.18 2MP/3MP
■
3.16 2.04 1.85 1.81 1.81 1.92
32 33.19 NHex/3MP 1.67 1.58 1.32 1.25 1.13 1.20
33 26.85 NHex/3MP - 1.67 1.35 1.41 1.45 1.35 1.47
34 23.51 NHex/3MP - 2.25 1.57 1.42 1.47 i:27 1.22
35 20.13 NHex/3MP — 1.75 1.48 1.43 1.34 1.26 1.20
36 16.57 NHex/3MP - - 1.65 - 1.41 - 1.35
37 13.06 NHex/3MP - 3.00 2.05 2.10 1.94 1.67 1.65
38 30.18 NHex/3MP
■
1.67 1.53 1.49 1.43 1.26 1.29
32 33.19 BZ/MCP . 0.03 0.73 3.25 6.40
33 26.85 BZ/MCP - 0.07 0.87 3.41 4.18 28.00 -
34 23.51 BZ/MCP - 0.08 0.62 2.03 3.55 21.00 38.33
35 24.13 BZ/MCP - 0.06 0.75 2.03 3.45 18.44 21.57
36 16.57 BZ/MCP - - 0.48 - 2.43 - 18.07
37 13.04 BZ/MCP - 0.02 0.15 0.43 0.50 1.81 2.77
38 30.18 BZ/MCP — 0.05 0.34 1.33 2.80 18.20 9.85
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Mean HC Partial Pressure
R9, 0.375% Pt/Al2Û3, ^  x pellets
2/1 Mixture of diluent and reforming 
catalyst















' 39 36.88 32.37 7.18 5.46
40 33.43 28.88 6.34 6.15
41 30.32 25.81, 6.76 6.76
42 26.53 22.36 5.35 7.11
43 23.08 18.92 4.55 8.58
44 19.63 15.61 3.88 9.97
45 16.19 12.29 3.15 12.31
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39 32.37 MCP 20.52 75.87 88.29 93.79 98.70 98.84
40 28.88 MCP 19.17 65.83 82.36 88.06 95.14 97.08
41 25.81 MCP 12.06 63.67 82.63 87.78 97.42 97.59
42 22.36 MCP 11.56 53.90 72.54 82.80 93.49 96.82
43 18.92 MCP 9.38 18.31 37.69 43.08 64.62 77.23
44 15.61 MCP 3.30 27.06 39.27 45.50 69.31 84.16
45 12.29 MCP 7.05 35.90 47.54 60.00 77.70 86.07
39 32.37 BZ 4.62 15.03 18.35 17.20 15.32 10.26
40 28.88 BZ 5.56 19.86 25.00 27.36 28.06 24.72
41 25.81 BZ 5.79 19.13 27.17 27.17 30.86 24.60
42 22.36 BZ 6.50 23.41 35.55 37.86 44.65 39.31
43 18.92 BZ 2.77 9.54 19.69 22.00 33.69 40.31
44 15.61 BZ , 2.81 15.35 25.74 30.85 46.37 52.48
45 12.29 BZ 4.43 17.70 27.38 35.08 52.30 53.77
39 32.37 2MP 2.75 10.12 10.69 8.38 4.91 2.75
40 28.88 2MP 1.81 7.64 9.03 9.17 8.06 7.36
41 25.81 2MP 2.89 10.61 12.70 11.74 9.81 8.52
42 22.36 2MP 0.72 5.06 7.66 8.53 9.54 7.80
43 18.92 2MP 0.00 1.54 3.38 4.00 6.46 7.38
44 15.61 2MP 0.00 2.15 3.80 5.28 7.59 8.91
45 12.29 2MP 0.66 3.44 4.75 6.89 8.20 9.84
39 32.37 3MP 3.32 9.39 9.68 9.10 6.36 5.64
40 28.88 3MP 2.36 7.08 9.17 8.47 8.19 7.92
41 25.81 3MP 3.05 8.20 10.13 9.81 8.68 6.91
42 22.36 3MP 1.59 5.35 6.65 7.37 9.10 7.23
43 18.92 3MP 1.08 2.00 3.08 3.85 5.38 6.46
44 15.61 3MP 0.50 2.64 3.63 4.79 5.94 6.93
45 12.29 3MP 0.98 3.28 3.93 5.25 6.23 6.72
39 32.37 NHex 4.91 14.02 14.74 12.72 8.67 6.94
40 28.88 NHex 3.61 11.81 13.19 12.64 10.97 10.00
41 25.81 NHex 4.02 13.67 15.59 13.99 11.41 10.29
42 22.36 NHex 2.60 9.54 11.85 11.85 12.14 iÔ.12
43 18.92 NHex 1.23 4.77 8.46 8.62 12.31 11.38
44 15.61 NHex 0.33 4.95 8.42 8.91 11.72 11.72
45 12.29 NHex 0.98 5.08 8.03 8.52 10.49 10.33
Table 4.14



















39 32.37 s. — 0.29 0.25 0.26 0.22 0.18 0.12
40 28.88 - 0.41 0.43 0.44 0.45 0.41 0.34
41 25.81 - 0.92 0.43 0.60 0.45 0.46 0.34
42 22.36 - 1.28 0.77 0.96 0.84 *0.91 0.68
43 18.92 - 0.42 1.09 1.09 1.04 1.08 1.09
44 15.61 - 5.73 1.30 1.90 1.65 2.02 1.66
45 12.29 4 1.69 0.97 1.36 1.41 2.06 1.66
39 32.37 S. 0.23 0.20 0.21 0.18 0.16 0.10
40 28.88 - 0.29 0.30 0.30 0.31 0.29 0.25
41 25.81 si - 0.48 0.30 0.33 0.31 0.32 0.25
42 22.36 si - 0.56 0.43 0.49 0.46 0.48 0.41
43 18.92 si - 0.30 0.52 0.52 0.51 0.52 0.52
44 15.61 si - 0.85 0.57 0.66 0.62 0.67 0.62
45 12.29
h ' 0.63 0.49 0.58 0.58 0.67 0.62
39 32.37 2MP/NHex 2.09 1.26 1.24 1.25 1.43 1.48
40 28.88 2MP/NHex 9.17 2.13 1.21 1.19 1.25 1.33 1.38
41 25.81 2MP/NHex - 2.56 1.32 1.29 1.37 1.51 1.55
42 22.36 2MP/NHex - 3.11 1.30 1.27 1.34 1.39 1.50
43 18.92 2MP/NHex - 6.25 1.96 1.33 1.38 1.16 1.34
44 15.61 2MP/NHex - 24.0 2.03 1.39 1.48 1.32 1.44
45 12.29 2MP/NHex 8.17 2.13 1.51 1.67 1.48 1.67
39 32.37 2MP/3MP 3.09 1.87 1.88 1.75 1.95 1.82
40 28.88 2MP/3MP - 4.00 2.16 1.82 1.98 1.92 1.89
41 25.81 2MP/3MP - 3.37 2.20 1.98 1.95 1.98 2.02
42 22.36 2MP/3MP - 5.09 2.32 2.26 2.16 1.86 2.10
43 18.92 2MP/3MP - 7.14 4.69 3.65 3.08 2.66 2.36
44 15.61 2MP/3MP - 16.00 3.81 3.23 2.76 2.61 2.43
45 12.29 2MP/3MP 8.17 3.30 3.08 2.72 2.50 2.56
39 32.37 NHex/3MP 1.48 1.49 1.52 1.40 1.36 1.23
40 28.88 NHex/3MP - 1.88 1.78 1.53 1.59 1.44 1.37
41 25.81 NHex/3MP - 1.32 1.67 1.54 1.43 1.31 1.31
42 22.36 NHex/3MP - 1.64 1.78 1.78 1.61 1.33 1.40
43 18.92 NHex/3MP - 1.14 2.38 2.75 2.24 2.29 1.76
44 15.61 NHex/3MP - 0.67 1.88 2.32 1.86 1.97% 1.69
45 12.29 NHex/3MP 1.00 1.55 2.04 1.63 1.68 1.54
39 32.37 BZ/MCP 0.06 0.62 1.57 2.77 11.78 8.88
40 28.88 BZ/MCP - 0.07 0.50 1.42 2.46 5.77 8.48
41 25.81 BZ/MCP - 0.07 0.53 1.56 2.22 12.00 . 10.20
42 22.36 BZ/MCP - 0.07 ■ 0.51 1.29 2.20 6.87 12.36
43 18.92 BZ/MCP - 0.03 0.12 0.32 0.39 1.05 1.77
44 15.61 BZ/MCP - 0.03 0.21 0.42 0.61 1.51 3.31
45 12.29 BZ/MCP — 0.05 0.28 0.52 0.88 2.35 3.85
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RIO, 0.75% Pt/Al 0 „ „
Bed Weight = 4.6og, -g- x ~
cylindrical pellets 
375 psia = 25.86 Bar (±^I%)
475 litres/hr (±3%)
CO CM rH 00P4 rH r—4 1—1 rH Ou o o o o ON SPQ o o o o d
X ë CO lO CO<U CO <" CMPC 8 8% T—1 rH r-4
è 00 vO UO& CO o o I— ) os
CM CO CO CO
X
0) CM UO UO
« o o CM q
CM CM COCM
m CO <y\ VO
pq G\ q q qCO
m T sf d d d
(U 0) O r-~> > r—4 O q
< 1 1CO o d o
VO vO 00 CO vO
X > O q o rH o4J (U a
<u % o T—4 p o o
g  s CJ 1 1 T 1
o o CM UO rHo o 00 CM CO
Pj c
s o o o rH CM CM00 u
o o 00> o o r>. 00 OOco o o m vO r~.CM u
00 CO vO m UO> CO CO O <y\ VOc
N o r—1 1—1 rH O O
pq CJ
I— I CM VO> CO CM rH CM
Pm (C
W o O o rH UO
s CJ rH rH rH
u uo o m m o UO UOu
o & CO CO d CM ocd e o m o<u <u CO CO
Pi H
Table 5.1







RIO, 0.75% Pt/Al 0 „
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RIO, 0.75% Pt/Al 0 „




365 psia = 25.17 Bar (±1%)
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Compound
Fig 5.6 Fig 5.8 Fig 5.9 Fig 5.10 Fig 5.11
Wt % Wt % Wt % Wt % Wt %
MCP 69 65 61.5 6.5 58.0
BZ 2.0 2.0 2.2 1.2 2.2
2MP 13.2 9.9 11.0 10.7 10.2
3MP 7.1 6.0 6.4 6.6 6.2
NHex 6.5 11.3 12.7 12.6 14.0
CR 1.4 5.5 7.0 3.5 8.3
MCP* 1.1 . - - - -
Tot Cg,
Paraffins 26.8 27.2 30.1 29.9 30.4
Table 5.11
- B 33 -
gVu xd-a 1-4 g r— 1 ON
U-l PQ o O g xd- r-U o ga +g d I-U O O rx ONa g f g xd-
g t g g f t t3 I-U rx t
Pi ? g rx rx g rx xd- ONg O t xd- 1—u O rx xd-Og O 00 i 1 i-U O O I-U g
r-4Vu g 1-4a O g O g
4J pq q o 00 g 1-4 xd- ga 1
ON o I-U O o i-U O
' a g t g g3 t o g t t +3 I-U g f -f-Pi ? o xd" rx xd- g o 1-4
rH O t g 1-4 t-4 g gOg O oo t 1 I-U o o g g
xd-Vu œ 1-4a o g 0 0 gu pq o o rx g g g r-Ua 1g o I-U o o g xd-a g g "t" xd- xd-3 + o + + +3 1-4 g g t +
i 00 rx xd- ON g gg O t + g t-4 g gOg O g g 1 I-U O o I-U r-U
OVu ga g g I-U gPQ O 9 rx g g xd- ONa 1g o I-U O o g 0 0a r 4 -f- I-U g3 + 1-4 + + +3 1-4 g g t
PS ? g ON xd- O ON gg O t t g g g O ONO
s r O rx xd- 1 r-U O o r-U g
NPQ CMPQ3
•rU 3•Ha Vua g a
"rU a3 X a •H
O a a X a•H a r 4 a ü
UJ Q a aa <uu a a
> o MUVu Oa a a aa u 3 a 3g 3 O ü O 3O pq a •rU 3 •H Oen Vu UJ a UJ •H ap. Vu a Vu a a ü Vu•H CM 3 Vu Vu Vu Vu o a Zg pq >N CJ UJ 3 UJ a •H aa UJ u 3 Ü 3 > UJ a3 O •H o a a a 3 a aO UJ > ü o u o Vu a I-U•H •H Vu 3 3 ü O a O
UJ 3 UJ o o Vu ,o •H o X •H aa O Ü MU u o a I UJ •lU a H1—u •rU a MU Pu a UJ Za a I-U a 3 3 P Vu a z a aPS Vu a a •H a •ru ■ S Vu u aa en UJ MU a MU UJ 3 UJ> a MU •H MU UJ UJ a a3 N |u a UJ a a g a T) VuO pq 3 Vu Vu Z g Z •rU 3P o a a a a o<uu r-U 3. o CL MU CM CM a 1—iS O MU 3 O g PQ PQ PS Pl3 g a gS a Vu P TJ P a a a a a a•H 60 a •pU 60 60 60 60 60 60
X 3 r-U T3 a -3 3 3 3 3 3 3a a O 3 a 3 a a a a a aS Pi s a PS a PS PS PS PS PS PS
r-4 g g xd" g g rx 00 ON or—f
Table 5.12




PS Xi I 60 UJ *rUg  z aSd 3























z as g g xd- xd- g 00 gp g g g 00 ON g g g
a O q O o O I-U I-U gCMz O o d o O O o o
Êd IX o g g g IX oo IXX g r-U ON rx IX g g xd-a gZ g g rH rH I-U rH rU rU
z
- g oo g g 00 g xd" gg xd- xd- xd- xd- xd- g gg
rH rU i-U i-U rU rU rU rUg
X «d- O g g g g 00 xd-a g I X IX oo 00 ON ON OPu Z
m z O O O O o O o rU
O 00 g xd- g o ON rxz g I-U I-U i-U I-U 1-4 q qz O O O O O o o o
xd- g ON IX g 1-4 o 00
< g g rH rH r-U 1-4 rU oen O o O O O o O o
Vua IX IX rx rx rx IX IX IXPQ I > xd- xd- xd- xd- xd- xd- xd- xd-UJ Z 3rx a p O O O O O O O O Oxd- Z  S P 1 1 1 1 1 1 1 1I-U
O g I-U O ON I X ON 00 gX > IX rx I-U rx xd- IX IX IXIII UJ a 3a z O xd- g oo ON i-U g xd- xd-a Z z p I-U rU rU t-4•HaP. g IX 00 rH o ON ON g> 1—u <d- g rH g xd- O oog 31—u g O g xd- g IX 00 O I-U rUT—1 g p rU rU rUg I—U
g <Ti I-U g xd- 00 g gî i > IX g I-U g i-U i—U O rU3O xd- g oo O g g IX 00g p rU I-U rU rU I-U
IX as oo ON g 00 rU IX> g g xd- g xd- g ON rx3CM O g xd- xd- g g g g gZ P
g g xd- g O ON O Oa > g g xd- g g g g xd-vu z 33 p O g g 00 g g xd- g Txa a P I-U g g g xd- g gaaVu
Pu a a
I— u u CJa 3 a oo O g g g g xd- rU•H a en oo O I-U xd- ON rx 00 gUJ o zVu •H •H a o I-U I-U i-U I-U g g 00a UJ a BPu a a •Hz z H3 ug ZVu 3a g o Vuu z rH Zo Z g g 00 g g rU xd" oVu 3 a g O <3N 00 ON g IX xd-Tî a rH aa a 1-4 g 1— g g 00 g ON xd-Z S UJ o xd- g g g r-U rUo aH 'w-'
Table 5.13





¥ ■ &  
UJ «Hg  Z  a Z  3





































































z g CO g IX Z z ON oa IX xd- g -d- xd- xd" xd" gg
rU rU I-U t-U i—H I-U r-U I-Ug
X xd- g IX g g g O I-Ua rx rx IX co Z Z z ON
Z
Z O O o O o d d dg
ON g g g r-U g g ON
Z I-U I-U t-U t-U t-U I-U I-U Ow
O O o O O o o d
g rx' g g g g xd" ONg I-U I-U r-U I-U I-U rH Oco
O O o O O o o d
yVu a o rx xd- co Z g z za z > g vO IX g IX xd" g gz 3fx. Z O o O O o O O o og xd p po I-U
g d I-U IX g -d- ON g g VOg X > g xd- NO xd- g ON rx I-UIII UJ <U 3III a z O g » ON i-U g g VO Za Z  Z p I-U I-U I-U I-U I-Ua •H
•H aa z g I-U IX VO g vO g T-Uz > g xd- g co ON g xd" IXg 3xd" I-U o O g g VO rx Z ON O gg rx g p I-U t-Ug g I-U
CO ON I-U rx g g I-U g» ; ? > o ON g g g IX VO oz 3a O VO IX ON T-U g g g ONg P I-U r-U T-U I-U I-U
O vO I-U ON VO xd" g I-U> Z t-U g VO ON g g z
3
CM O g xd- •d- xd- -d- VO IX vO
Z P
VO i—U rx vo i-U xd" IX Za > g g g rx O -d" rx rxvu Z 3
3 P O O co g O IX O z ,T xa a p g g g xd- xd- g g rx -aavuz a aü Ur-U 3 a o vO t-U O IX I-U g ga a co g xd- rx I-U rx ON IX O•lU z
UJ o •H a T-U i-U I-U g g g g xd"Vu •H a B T-Ua UJ a "lUa z a Z HVu z3 3a o pa z za vu 3Vu a g O VuZ u z I-U Zo Z rx g ON g g Z vO g3 vu 3 a rx g CO CO IX z xd" Za z a I-U aa >1 a a I-U g rx I-U g ON g ON ga z a UJ o xd- g g g I-U I-Uo aH
Table 5.14









u  "lUg  PL, aZ





















z co o ON vO co g VO o
p g g g rx ON g xd- 00a o o o O o I-U iZ zgz o o o O o o O o
fe ON g z g IX g xd-X o co g g g g g r-Ua gZ g g g g g g g gZ
& CO g vO g g 00 00 ONsr g g g g g g xd-g z z I-U z z Z z zg
X co g z VO ON o o oa st g VO VO VO rx rx IXzz o o o o o O O Og
g sf g Z o I-U r-U ONz Z z z |-U z z iZ Oz o o o o o O O O
co vO sr g z g g Oz I-U z I-U I-U I-U r-U 1-4z o o o o o O O o
o VO I-U t-U rx ON z rx> rx rx co as ON O z ONVu 3a Z O O O O o O t-U z Oz p P
rxsf g sr IX VO z z o 00I-U X > o IX sf sf xd- o ON ON4J a 3o a z O cô ON I-U g vO rx IX OZ Z P z z r-U I-U rZ gIII
a co ON œ ON O rx VO vO•H > sr g g ON g vO iZ qa 3Z O g sj- g VO co 00 ON zg P iZgz og g g z g rx. g rU IXg g > I-U CO IX IX iZ rx g xd-Z 3a O g VO CO o g g xd- vOg P z I-U I-U z r-4
g ON O IX g xd- co g
> O vO o g ON ON g ON3g O g g sr sr xd" g vO gz P
z sf g IX z o ON Za > uf st <t o vO VO g ZVu z 33 p O O vO g d ON g vO 1<xa a P g g g sr xd" g g va.aaVuz a ao az 3 a I-U g g g g O g xd-a a z rx CTN g o xd- g Z O•H z
4-1 o •H a T-U Z g g xd" g 00 ONVu •H a e za U a •Hz a Z HPiao pz zVu 3a g o Vuo z z Zo Z ON VO sf o rx vO o IXVu c a g ON o ON g vO VOz a z aa a rH I-U VO ON en g g 00 gZ S u o sr g g g I-U iZo aH
Table 5.15
- B 37 -
Vu m 00 00 004-1 a rH g 00 g o ga pq o z o O ON zw o g z -d-c g f t +3 ON 00 rx f +Pi 1 g ON xd- 00 xd- 00 00g O f t xd" g g rx g oOVO o 00 00 1 z O o z g r-U
Vu ON g 00 ON4J a rH rx o VO q 00a pq o z rH o xd- gco g vO r-U xd-3 N o t t +3 rH t rx t fPS » g ON xd- 00 xd- rx VOg O f g xd- g g g 00 rxoIX o ON g 1 z O O t-4 g O
o g ON4J g g -d- VO xd-a g go r-U rH O gco VO xd- 00 xd-3 pM O t f t 13 rH + rx tPS r g rx xd- g ON ONrx q f g xd- xd- g ON «d-Og o 00 g 1 z O O o xd-
Npq CMpq3•H 3•Ha VuS x: a•rU G3 X a z aO a a X ü•H s z a a4J g B aa MU B> G z
Vu G aa a a 3co u 3 a G
JO 3 G u Zo a •H 3 Zpq Vu Z a a aeu co Vu a z z 3 ü Z•rU N 3 Vu z z G a XI,3 pq >v Ü z 3 3 Z G aa 4J o 3 U a a •rU a3 O •H G a Ü o Z Z aO 4-1 > o G 3 a a a z•H •H Vu 3 G > G z B g4J 3 4J G G Z O 3 Z G •H Ba O O Z ü G G Z Z X H 3•H a Z ü a z a Ga a 1-4 a 3 3 z a a a ZPS Vu a a z a z II z u a aa co 4J z B Z Pu 3 z Z> a z •H Z y z a a a3 N Vu a Z a S g a TJ z >o pq 3 Vu z g z z 3 3o G a a a z a G GMU Z eu o Pu a g N a rH Üe G Z 3 Z g pq pq PS Pu3 o a VO Xe a Vu o T3 O a a a a a a p•H 60 a •H 60 60 60 60 60 60X 3 z T) a -3 3 3 3 3 3 3 Xa a G 3 a 3 a a a a a a aa PS a a PS a PS PS PS PS PS PS S
rH g g g vO r x 00 ON o rHz rH
Table 5.16











X U zaa PQ00 PQ z
g - H t-4 v£>o g Zg  «
z  00 vD O z<jj g 1-4
IX III
Z  • III a
eu g a aa •z z aBM z •z a O a
g  X a eu s arx 60 eu ag  Z sf g
. 0) g g z z COO 3 g O
" '3
g g rx VO z
ON OJ






z aa B•z •z
z H oz 3 •za O a z
a p z ü az P 3 PS3 3 aa O z pa tO a •z ÏSz a Z z aa z a o a 0
eu u H PS S3rZ oa) a 3 z 3 3 3a z a a) a a a
a a a tn a a aPu p Z P5 S S S
p o o o O g xd" g gy o o o O iZ g 00 VOsN o o o O o O O Zpq
g xd" g 00 g g rx 00X ON xd" 00 g O g 00 ga g -d" g g z
S3 g rH g 00 O vO
33 vO g g iZ
p O o g g Z ON g gs o g VO ON g g -d- xd-g
d o o o iZ z iZ zg
X o o rH rx o -d" ON 00a o q o O g g VO 00P S3 o O O O o oS S o dg o O O O o o
o o o O 00 z g g
PQ q q o q o O o o
CO o
d d o d O O oo
o o o o 00 rH g g< o o q o o o O ow qo o o o o o o
d
o o IX o ON 00 g 00
PS o q g ON rx rx q g
P
d d o o g rx ON -d-iH g
g ON rx g z g o xd-
> T—1o q q z z g gz P 3a P O O o o d o O o Og S P 1 1 1 1
xd" 00 rx vO O IX g g> O o iH rx xd- g xd- xd-
p 3S O O o o O z g g gg P
O xd- iH z g g IX ON> O O rH rx 00 ON ON 003
O O O o O z g xd- xd-g P
O O o O rx g ON O
> O o o O O tH g z3g O O o o o O o o z
PQ P
!—1g 00 g O xd- z vOX > rH o xd- g g g g ga 3s: O o o O g ON g 00 xd-X P 1 z g xd-
z Po oz g g O ON rx g ON rxu P g o VO00 tZ g xd- vOa 8 g g g g xd- xd- xd- xd-a aPi H
zaB•HZ 3 3
PU O O•Z •za a a
S3 z zz a a
> >3 3
X O Oa P P
S353 N X





o 3Oa •Zz aa Z3 a>






Z > 1Ü 3a O 3fH 1 P oa •z
a CM aa PQ z
T3 a3 •z >a 3
T3 O
a a P3 aO M4 X
•Z a
a 3 S3
Z O Za S3





- B 39 -
P g g 00 g g 00p g g g rx ON VOSN O O o O O rZPQ
g VO 00 rx ON OX iZ tZ g 00 ON rZa gS3 00 rZ g rZ O iZ33 ON g xd- g g iZ
a - o g g g VO \oz xd" xd- xd- -d- xd- xd-a g
rH iZ fZ rZ tZ iZ «z
rH gap X xd- 00 iZ g ON g
1-4 a tZ g g xd- vO ga S3 O O O O o rZ Xa S a
•i4- g O o d O O O S3Z gT33 g g g xd- xd- g O•z . PQ O o o O O o 4J
r-4 CO>N o o o O O o +JÜ Üap00 g g g xd- xd- g a- <3 o o o O O o a
rZ co Vuo o o O O oX S3
4Jz •H00 z a rx ON g 00 vO xd- 3a pq > IX g g g 00 g
tZ PQ 3 T3
iZ PS O g g vO ON g g ag  m OO vO P P rZ g 4JO  60 g iZ agn rZiZ rx vO o g o g g vO g 3<3 • <z > rZ g g xd- g g ax- g III z p 3 rZz III a p O ,o o O O o O a
P  II a 5S X P ua «zB-5 Z •z a ag  S3 a P vO vO g iZ g g arx 60 p P > ON rx ON vO g 00 •zg g  «z o xd" 3 4J
• a g VO g ON O o tZ iZ g g xd- •zO  3 g g O g P >X g ga « T3 4JON a g O 00 xd- g ON O
Is PS pq i r i r > g g rx IX rZ O a
P 3 rZ
S O rZ g g g g IX ag P a
T)00 g ON g iZ O 3
> tZ g g VO ON g a3
g O O O O O O rZ a
pq P 3
Oa •Zz 00 ON xd- g o xd" a3 X > g o g rx O rZ Vua a 3 aa S3 O g d iZ vO vO vO >a X P iH rZ iZ g xd- 3z Op
rZ a a iHa o o rH•z 3 a xd- 00 o ON 00 <a z O a co ON iH g vO g rxz z •Z T)3 a z •z a O rH iZ rZ g gZ a p a a B S3a z PS a •zz 3 3 PS H 3a a o p
P a S5 S3z W a za a z a g>s H p u 33 3pZ o o Zt3 a 3 3 z 3 iZ ;3a z a a 'O a p ON o 00 g g ga a a a >N a a rZ VO ON O O vOPu p S S S3 S iZ aa rH g g o xd- vO VOz o xd- g g g iZo SH
Table 5.18






z00 z aa pq








z a p a
a z P
z 3 3
a a o u
p a S3 p
z G a z
a a z a g
>> H p ü P
tZ o
T3 a 3 3 z 3
a z a a T3 a
a a a a a
p u S 53 S
s 1
O g g g g g O O x d - O g
O O r Z g g g g x d - g r x  
. . . . . . . .  . .




O ' 3 - O N O v O r Z r x o o g
< t l X r Z g r x v O g r x g g  
rZ . . . . . . . . .
i Z m d - < r P v o g g o o o v o
g  g  g  fZ iZ iZ iZ
g
g
g g g r Z g g r Z Q g g
g g g ' d - ' d - ' d - ' d - 'd - 'd - 'd ’. . . . . . . . . .




z < r z v o g o v o o o N g
Z g x d - v O O O O N Q g v O g
O O O O O O r Z Z Z g. . . . . . . . . .
o o o o o o o o o o
O < N v000 r x 00 0 0 f x v O g
o o o o o o o o o o
• o o o o o o o o og  . . . . . . . . .
o o o o o o o o o
O C N j v o œ t x o o o o o o v o g
o o o o o o o o o o
• o o o o o o o o o. . . . . . . . .
o o o o o o o o o
p  o 
o  o
C O g ' d ' g ' d ’ O f X g O v O
' d ' x d - g O r Z g g O O g g. . . . . . . . . .
O « - 4 g i x < r g 0 0 ' d - ' d ‘ z  
z  z  z  g  g  g
z  p  c 
p  s  p
O N ' d - z g ' d - g < r ' d ' O r z
O O ' - l f ^ C N g g g g o  
• • • • • • • • • •




g g < r z i x \ o g v o g o  
c o r x v o o N x d - v o z v o o g  • • • • • • • • • •




- d ' O N v o o r x O ' d ' g r x g
O P ^ v O g g v O g O N g O O
. . . . . . . . . .




O i —i v O x d - v o z g o N z g  
O O O i - * r 4 g g g g g  
. . . . . . . . . .
o o o o o o o o o o
a ë§ 5
O P - M g g O N g g Z g g
g < r o o o o g o < r o o g g. . . . . . . . . .
g g O N v a g r x z o o c j N g  










g | x g - d - x ; t O O O O N I x g
vOOvOggCJNx^vOxd-ON
. . . . . . . . . .







g f x g o o o r x o N C O g g
o o g o o O x d - r x v o z x d - x d -. . . . . . . . . .
g O ' d - t X m ; f g O N O O g g












































g  g  «H UJ . a 











































































3P  O 
p  p
4J p  ë  
p  s  o
y
ëg  o 
p  p
a a o ü 3 a a cop  XX•ru a a e
a  *rUP H
§1:
az  a a z
o ê





























g  g  ON ON 




g-d- xd-g gg 2
xd-rx
00
IX 00 z  g
g  g  g  g
g  g  
rx LO O  r-U
d  d
o  o  o  o  o  oo  o  o  o  o  o
o  o  o  o  o  o
o  o  o  o  o  oo  o  o  o  o  o
o  o  o  o  o  o
8 ON g  xd- rx 00VO








vO 00 z  xd-




g  xd" 
g  g









g  xd- g  vo g  gz o O (N g g





g  g  g  00
O  O  O  O  O  Oo  o  o  o  o  o


































































1 2.31 0.159 0.463 0.140 0.185 0.082 0.149 0.028
2 2.93 0.135 0.720 0.241 0.259 0.124 0.213 0.075
3 3.64 0.106 0.370 0.318 0.310 0.183 0.277 0.193
4 4.78 0.088 0.340 0.374 0.341 0.191 0.314 0.294
5 6.58 0.056 0.315 0.401 0.361 0.218 0.352 0.524
6 7.16 0.055 0.227 0.420 0.365 0.208 0.336 0.555
7 12.48 0.035 0.165 0.338 0.321 0.203 0.320 0.835
8 14.69 0.026 0 . 1 2 1 0.301 0.280 0.181 0.286 0.972
9 16.55 0.017 0 . 1 2 1 0.219 0 . 2 2 1 0.148 0.233 1.22
10 18.07 0.015 0 . 1 0 1 0.185 0.196 0.134 0 . 2 1 1 1.31
11 21.39 0 . 010 0.093 0.118 0.159 0 . 1 1 2 0.178 1.50
Concentrations expressed in g moles/litre at
NTP. Initial MCP concentration = 0.195 x 10 ^ g moles/litre.
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Summary of Hougen-Watson Type Rate Models
Model
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Summary of Hougen-Watson Type Rate models (continued)
Model













^ ^ ^^MCP ^BZ^H^/^)
^H2*^1^MCP*^3^I
z P r. = MCP
z P r. = MCP
r .1 z PMCP
^H2*^1^MCP
z P r. = MCP 1
- 3P‘
Y + XP'




z,Z = arbitrary constants
=,3,Y,X = arbitrary combinations of component 
mole fractions
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Run
Number
Reaction Rate, r^^xlO,^ at Different Sampling 
Valve Positions (g moles/(hr g Ref Cat))
12 11 10 9 8 7 6
38 0.192 0.170 0.085 0.034 -0.007 -0.046 -0.066
39 0.327 0.283 0.121 0.025 -0.034 -0.076 -0.069
40 0.451 0.403 0.219 0.112 0.028 -0.038 -0.059
41 0.404 0.369 0.224 0.131 0.047 -0.047 -0.122
42 0.541 0.506 0.361 0.251 0.140 -0.007 -0.155
43 0.217 0.222 0.236 0.236 0.233 0.217 0.189
44 0.333 0.341 0.361 0.356 0.335 0.281 0.197
45 0.392 0.427 0.521 0.525 0.473 0.309 0.261
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63 5 1 .50 6.5x10^ 310 - \
66 5 1 .50 6.5x10^ 310 - \
67 5 1 .57 6.5x10^ 328 - \




K7K1 1 /K *
*
1 7 0 .7 5 2589 118 - 0 .2 6 -
3 7 67.9 2683 1.7x10^ 162 -
6 7 .75 2589 118 —0 .2 6 -
12 7 .75 2589 118 0 .2 6 -
13 7 .75 2589 118 - 0 .2 6 -
14 7 1.65 2540 348 9 . 5x l0“ ^ -
19 8 197 2586 2 . 6x 10^ -110 9 0 .8
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APPENDIX C - Sample Calculation of Mass and Heat Transfer Effects for the
Packed Bed Reactor Experiments Used in Chapter 7
Consider Run No 42, Fig 4.42:-
Process Conditions
Total Hydrocarbon Feed = 7.11 Moles/Hr
MCP Feed = 0.426 M o les/Hr
Hydrogen Feed = 38.02 Moles/Hr
Mean Reaction Temperature = 500°C







1/8" X 1/8" pellets
- Inert Alumina,
1/8" X 1/8" pellets
- 2/1 mixture of diluent/re-
formdng-catalyst 
- 0 . 7 2  g/cm
- c 2 -
1. Film Gradients
(A) Concentration Drop through the External Film
This calculation is based on the method outlined by 
109Yoshida et al , which states that:- 
^^MCP Re, Sc,
^m,MCP
(a) R = * G%
Consider the case the product sample ex Valve 11, the first 
sampling port in the catalyst bed (see Fig 4.42):-
Total amount of MCP converted to all 0.426 x 0.69 _
products = 5.99 = ^ l e / h r
Total weight of catalyst at Valve 11 = 14.14 g
But catalyst bed is a 2/1 of diluent/reforming catalyst
. . Total weight of reforming catalyst at Valve 11 = 4.71 g
i.e. r^ = 0.0104 mole/hr g Ref Cat.
where r^ represents the conversion of MCP to all products.
2X - sectional area of reactor tube = 19.64 cm 
i.e. = 11.49 mole/hr cm^
A  = 1 0 . 1 8  cm^/g Ref Cat m
(p = 0.91 for cylinders 
i.e. R = 9.77 x 10 ^
G(b) Reynolds Number, Re = — — ^
G = Mass Velocity/Unit X-section = 30.2 g/hr cm^
A  = 7.33 cm^/cm^V
The viscosity of the gas can be determined using the method of 
110Bromley and Wilke 
n
y = Z ___________i_______
*  i=l . n
"j'ii
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(b) continued
where y = viscosity of mixture m
y^ = viscosity of pure component i
= mole fraction of component i in the mixture
3» .= function of molecular weights and viscosities 
of the mixture
For simplicity, it was assumed that the reactant could be 
represented by a binary mixture consisting of:-
45 moles/hr
7 moles/hr nC^
This gave an Estimated viscosity of 0.020 cp
i.e. Re = --------    = 6.3
3600 X 7.33 X 0.91 x 0.02 x lo’“
(c) Schmidt Number, Sc = y
^ ®MCP,m
The density of the gas mixture can be calculated using Amagat’s 
law:-
1=1 1
where = compressibility factor for component i.
For a binary mixture consisting of 86.5% hydrogren and 13.5%
-3 3n-pentane the estimated gas density is 4.73x10 g/cm
, the diffusion coefficient for MCP in the MCP,m 1 1 1
gas mixture can be calculated using the equation
°MCP,m - °l,m : !i
j=2 D^.
The binary diffusivities can in turn be calculated using
- c 4 -
(c) continued 
the equation
= 0.0018581^/2 j /̂̂
F °ij S
where ^ = ’collision integral' which is a f(k T/e )u B Ij
e,a =r force constants in the Lennard-Jones potential 
function
= Boltzmann constant
If the gas mixture is treated as a ternary consisting of MCP, 
nC^ and then the estimated diffusion coefficient is:-
-2 2 = 4.8 X 10 cm /secMCP ,m
i.e. Sc = ____________0.020___________ = 0.87
4.73 X 10"3 X 4.8 X lo” ^
^f,MCP ~
For low Reynolds Numbers :-
-0.51 -0.51
jp = 0.84 Re = 0.84 (6.3)
i.e. jp = 3.04
= 0.33
- c 5 -
109According to Yoshida et al
^^MCP ^
= 9.77 X 10“^ X 3.04 x 1 x (0.87)^/^
= 2.7 X 10~4
The above estimated concentration drop in the external film 
represents approximately 3% of the bulk phase concentration, 
i.e. it is insignificant.
According to Satterfield and Sherwood^^^, mass transfer to 
the gas stream can generally be considered to be unimportant 
if:-
jjj Ay/(Sc)2/3 3 0.075
In this case it is 3.04 x 7.33 ^ ^
------------------273“  '  24.5(0.87)^/3
(B) Temperature Gradient in the External Film
109According to Yoshida et al :- 
AT = Q j-3 (Pr)2/3^
, . _ ^m,MCP' BZ ^ ^ C P  -> BZ
0 0?QQ 
rm,MCP .  BZ = “ ^ T  =
i.e. represents the conversion of MCP to BZ only 
since this is the only reaction with a large heat of reaction,
^®MCP +  BZ ' 30 Kcal/mole
- c 6 -
(a) continued
The specific heat of the mixture, C , can be estimated using 
the equation:- ^
n
(C ) = Z C X.
^ mixture i=l ^i ^
As in the calculation of viscosity, the mixture was assumed to 
be a binary consisting of 45 moles/hr H and 7 moles/hr nC_. 
This gives:-
(C ) = 1 4  cal/mole°K
^ mixture
_ 0.0063 X 50 X 10^_________  _ ^ -TiOr
^ ^ " Î0.18 X 0.91 X 14 X 11.49 '
109(b) Yoshida et al state that the temperature from 
a catalyst surface to ambient fluid stream may be estimated 
using the relationship:-
It is noted, however,, that this relationship is subject 
to some uncertainty, i.e. any conclusion drawn from subsequent 
calculations involving j^ should only be tentative.
In this case:-
jjj = 1.076 X 3.04 = 3.27
i.e. jg^ = 0.31
(c) Prandtl number for most gas mixture is
approximately 0.8.
i.e. AT = 0.211 X 0.31 x (0.8)^/3 < 0.1°K.
- c 7 -
2. Internal Pellet Gradients
(A) Effectiveness Factor
This calculation is based on the method outlined l>| Satterfield 
and Sherwoodlll. For first order reaction on spherical 
particles:-
‘ - C ,  Ï
(a) R = radius of the spherical catalyst pallet
For non-spherical particles, the following geomefxlry generaliza­








In fact if the cylinder height is the same as lie diameter 
(e.g. 1/8" X 1/8" cylinders), then the équivalait diameter of 
a spherical particle is also 1/8"
(b) If the diffusion within the pores is M s u m e d  to be 
'Knudsen flow', then the effective diffusion *befficient, 
can be calculated using the equation:-
where
Deff = \  eff = 9700 2  /(T/M)
§. - catalyst porosity
T tortuosity correction factor
r = mean pore radius i,e 'I
In this case the estimated value of r was éê R and thec >■
geometric factor, 0/x, was taken as 0.2 . 
i.e. for diffusion of MCP in the pores
f  ■
D = 9700 X 0.2 X 50 X 10 " e 2.96 x 10 ^cm /seceff - ’ J ê r  2.
(c) The overall rate of conversion oijIcP to the various 
products Valve 11 has already been calcuikted as:-
- c 8 -
(c) continued
MCP ” 0.0104 mole/hr g Ref Cat
. _ r 1 dnl _ 0,0104 X 0.72 , _ _ - 7  , , :
[■ V dit J “ 3600 X 3------^'9 S moles/sec.cm
(d) C^ is equal to the concentration of MCP on the outer
pellet surface which, assuming a negligible concentration drop in 
the external film, is given by:-
'̂ s = f'^MCP^bulk phase' ^total ^ ^"^e fraction MCP in Feed
R T
where R = Universal gas constant = 84.78 Bar cm
26.5 X 0.426 „ ,^-6 , , :
1'=' = 84:78 X 45.13 x 773 = ^ § moles/cm
Hence the modulus 0 = ^ ‘ ^-------- — = 1.55
2.96 X lO” -̂ X 3.8 X 10“ ^
This value of 0 can be used to estimate the effectiveness factor
using the curves in Chapter 3 of Satterfield and Sherwood^^^.
The curves are developed for first order, isothermal and 
irreversible kinetics giving an estimated effectiveness factor of:
n = 0.9 
ng to S<
for insignificant diffusion effects is:-
Accordi atterfield and Sherwood^^^ the general criterion
0 < 0.3 to 6.
i.e. In this case any diffusion effects can be neglected.
(B) Internal Temperature Gradient
112According to Prater , the 
in the pellet is given by:-
maximum internal temperature gradient
— c 9 —
(AT) = • ^eff . Cmax -----:-----  s
where X = Thermal Conductivity.
“6For most catalysts, X usually has a value between 10
-7 oand 10 Kcal/sec cm k .
Consider the worst case where all the MCP is converted to 
BZ where ;-
+  BZ ' SO Kcal/g mole
i.e. (AT) = 50.x .2^ 6  x i o'3 x 6.9 x 10~2 , 0 .5 °%
5 X 10'/
i.e. Internal temperature gradients in the catalyst pellet can 
be assumed to be negligible.
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APPENDIX D - List of Symbols and Abbreviations
(A) Upper and Lower Case Symbols
A External area of catalyst particle per unit mass. (L^Mm
• ""1A^ External area of catalyst particle. (L )
A External area of catalyst particle per unit
*" 1volume. (L )
^i Activity of component i.
b^ Coefficients in orthogonal polynomial.
-3
C^ Concentration of component i in mixture. (ML )
^iX Concentration of component i adsorbed on the metallic
- 2function X of the bifunctional catalyst. (L )
C^Y Concentration of component i adsorbed on the acidic
- 2function Y of the bifunctional catalyst. (L )
“2C Concentration of active metallic catalyst sites. (L )
— 2
C^ Concentration of active acidic catalyst sites. (L )
-3
C Reactant concentration on surface of catalyst. (ML )s
- 1 -1
Cp Mean heat capacity at constant pressure. (HM 0 )(-)
Djj Binary diffusivity for bulk diffusion of species 1 in
2 - Ia mixture of 1 and j . (L T )
Dj ^  Diffusion coefficient for component 1 in the gas
mixture. (L^T ^)
2 -1
D __ Effective diffusivity. (L T )eff
2" - I
Dr  Effective diffusivity in a Knudsen regime. (L T )
dp Catalyst particle diameter. (L)
d^ Reactor tube diameter. (L)
d^ Discontinuity in third derivative of cubic spline.
E Effectiveness factor.
- 1
F Total molar flowrate. (Ml )
- 1
F. Molar flowrate of component i. (MT )
- D 2 -
-  ]
Molar flowrate of component i. (MT )
Molar flowrate per unit cross section of catalyst 
bed. (ML” ^t " S
G Mass flowrate per unit cross section of catalyst
- 2  - 1bed. (ML T )
G Maximum order of polynomial,
g Order of polynomial.




Mass transfer factor, 
jjj Heat transfer factor.
K Overall equilibrium constant.(Dimensions dependent on
particular reaction)
K^,K^ Adsorption/desorption equilibrium constant for component
or step i. (M ^LT^)
Surface reaction equilibrium constant for step i.(dimensions 
are dependent on particular reaction)
K j C o n s t a n t s  in logarithmic error function.
îfc * ^ 1 “ 1k,k ,k. Rate constants/coefficients, (a) Adsorption (M L T)
- 1
(b) Surface reaction (T )
(c) Desorption (L ^T )̂
- 1 - 1
k Thermal conductivity. ( ^  T )
2 - 2 - 1kg Boltzmann constant. (ML T 0 )
2L Total number of active catalyst sites. (L )
M  Molecular weight.
_ 1
dn/dt Rate of reaction (MT )
-1  -2
Partial pressure of component i. (ML T )
“ 1 —  2
P,P^ Total pressure. (ML T )
Pr Prandtl number = yC^/k .
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^ ^ ,MCP-'-BZ^^CP^BZ ̂ ̂   ̂® ̂
q^ Knot positions in the cubic spline equation.
2 -2R Universal gas constant. (L T 9)
R Radius of a spherical catalyst particle. (L)
Re Reynolds number = G/A (py
- 3  -1(-r^) Rate of disappearance of component A. (ML T )
r^,r^ ^ Molar reaction rate for component i per unit mass of
- 1
catalyst. (T )
r^ Adsorption/surface reaction/desorption rate for component
% _  ̂ — 2 — 1
or step i. (Molecules/unit area and time) (L T )
r Overall rate of reaction.(dimensions dependent on the
type of reaction)
*
r Linearized rate of reaction in treatment of Hougen-Watson
type models.
r^ Mean pore radius. (L)
S^jSg Benzene selectivity based on conversion of methylcyclopentane.
* *
S ,S„ Benzene selectivity based on conversion of all C, reactants.
A d  Dt I
S^jSg Benzene selectivity based on conversion of normal hexane.
Sc Schmidt number = y/pD, 1 ,m
S^ Sum of squares.
s(x) Cubic spline in x.
T Temperature. (0)
g .
V Reactor volume. (L )
Volume occupied by a catalyst particle.(including
voidage) (L^)
3V Volume of one catalyst particle. (L )
3 -1V Volumetric flowrate. (L T )
W Catalyst bed weight. (M)
w^ Weighting factors in regression equations.
X^;X^ Mole fraction of component i in mixture.
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X Metallic function of bifunctional catalyst.
Y Acidic function of bifunctional catalyst.
AY f(R,Re,Sc,Y .)
Y . Mole fraction of pressure factor for component i. t ) 1
y^ Value predicted by curve fitted polynomial.
y^(x) Orthogonal polynomial in x of order g.
Z^,z Generalized parameters in Hougen-Watson rate models
(dimensions dependent on particular combinations)
(B) Superscripts
a,b..n,a',b'..n' Exponents in power function reaction models
(C) Subscripts
o Conditions at time t=0
T Conditions at time t=x
(D) Greek Letters
= j3,Y,X Arbitrary combinations of component mole fractions.
Function of molecular weights and viscosities of the 
components in the mixture.
6 Difference between experimental and estimated component
^2concentrations (logjQ(e^ K^) )
i
e,a Force constants in the Lennard-Jones equation.
Error between predicted and experimental values for_ 
concentration of component i. 
a Standard deviation.
-1 -1
y Viscosity of pure component i. (ML T )
“ 1 "" 1y^ Viscosity of mixture. (ML T )
—  ̂
p Fluid density. (ML )
-3
Pg Bulk density of catalyst. (ML )
0 Thiele parameter.
(p Geometric factor.











BPSD Barrels per stream day.
Concn Concentration.
Conv Conversion.
CRN Computer run number.
CSTR Continuous stirred tank reactor.
EPS Required accuracy criterion for function termination
in subroutine Nags.
FID Flame ionization detector.
GLC Gas liquid chromatograph (y) .
HC Hydrocarbon.
Icount Maximum number of function evaluations performed by
subroutine Nelsin.
ID Internal diameter.
Kongve Number of iterations between convergence checks in
subroutine Nelsin.
Maxit Limit on the number of iterations performed by subroutine
Nags prior to termination.
NC Normally closed valve.
NO Normally open valve.
PI Pressure indicator.
Press Pressure.
Reqmin Terminating limit for the variance of the function
values in subroutine Nelsin.
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Start(I) Matrix of the input starting values for the rate coefficients 
in subroutine Nelsin.
Step(I) Matrix of the starting step lengths which determine the





X(I) Matrix of the input starting values for the rate coefficients
in subroutine Nags.
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